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1.  Grntril 

Research  and  development  work  on  material*  of  the  compo¬ 
sitional  type*  B«0*x[(TlCo)03]' (6<x)Ff203  and  SrO'xAljOg' (6^x)F*a03» 
aimed  toward  tha  control  of  the  anlaotropy  field  and  tha  optlmixa- 
tion  of  tha  microwave  propartlaa.  For  t,hi*  purpoae  tha  af facto  of 
parameter*,  such  at  composition,  particle  tlx*,  orientation,  firing 
temperature  and  any  other  varlablas  whUh  art  deemed  appropriate, 
ahall  ba  Investigated. 


3.  Datall  Hacnilramanta 

Tha  datall  requirements  of  the  work  under  the  present 
contract,  DA  36-039  SC-B5279,  and  nlao  of  the  related  work  under 
Contreota  DA-36-039  SC-72319,  DA-36-039  SC-7322.3,  and  DA-36-039 

SC-78071,  can  b*  summarised  as  follows i 

Prepare  and  investigate  tha  properties  of  oriented 
polycrystalline  samples  In  the  series  Ba0-x[(TiCo)03]* (6-x)F*203 
where  x  takes  the  following  valuesi  0|  0.25»  0.48|  0.6b»  0.78. 
These  values  were  chosen  with  the  atm  of  varying  the  anisotropy 
field  In  these  materials  from  17,500  to  7000  oersteds,  making 
them  potentially  useful  in  the  25-50  kmc/sec  range. 
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Prepare  and  investigate  the  properties  of  oriented 
polycrystalline  samples  in  the  series  SrO-xAljO^' (6-x)Fe2Q3  where 
x  takes  the  following  valueei  Oj  0.1|  0. 2|  Q.5|  l.Oj  1.35|  1.42j 
l.SO|  1.70.  These  values  were  chosen  with  the  aim  of  varying  the 
enieotropy  field  in  then#  materiel*  from  19,500  to  50,000  oersteds, 
making  them  potential iy  useful  in  the  50"i50  kmc/sec  range. 

The  permanent  magnet  properties  of  the  materials 
(maximum  energy  product,  retentivity,  coercive  force),  when  neat’* 

ured  at  room  temperature  shall  be  ea  high  as  la  consistent  with 

\ 

good  mioroweve  characteristics.  The  materials  shall  have  suffi¬ 
cient  mechanical  strength  to  withatend  the  rigors  of  military 


ABSTRACT 


This  Final  Rupert  summarises  not  only  the  work  done 
under  thle  contract  but  also  related  work  carried  out  under  other 
contracts  beginning  in  Hey  195$. 

Appended  as  a  asperate  section  ie  a  detailed  report  of 
the  work  performed  in  the  Sixth  Quarterly  period  of  this  contract. 

Anisotropic  temples  of  oxidic  magnetic  aubatancee  pos¬ 
sessing  hexagonal  structures  were  prepared  and  studied)  both  for 
their  permanent  magnet  properties  end  for  thair  microwava  proper¬ 
tied.  The  compositions  of  these  hexagonal  material*  were 
M^n'xAi A-x)Fe„0,,  or  M^O* x[(TlCo)Oj ■  (6-x)He_CL  where 

f(  <)  r,  o  3  /  3 

M24  le  either  B*24  or  Sr*4  «»  IndiCbtsd  in  the  texts  Thee*  Pita- 
rials  era  tharafora  darivativaa  of  tha  materiel  referred  to  as 
"F«rroxdur*', ,  B#0*6F#203. 

One  special  task  wee  performed.  This  consisted  In  the 
production  of  circumferentially  oriented  toroid*  of  on*  of  these 
materials.  Details  of  this  work  are  reported  in  the  attached 
Sixth  Quarterly  Report. 

An  investigation  was  mad#  of  the  effect  on  the  micro- 

3-T 

wav#  properties  of  the  partial  replacement  of  Fe  by  either 

34.  ^  2+ 

A1  or  by  (Ti  +  Co* )  in  highly  anisotropic  permanent  magnetic 

2+ 

materials  of  the  type  M  0*6Fe203» 

The  most  striking  effect  found  was  due  to  the  rapid 
change  of  the  room  temperature  anisotropy  field  with  composition. 
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In  the  series  SrO'xAljOg"  (h-xjFe^O-j  the  anisotropy  field 
was  found  to  increase  from  19,300  to  53,400  oersteds  by  varying  x 
from  0  to  1.7.  It  is  believed  that  53f400  oersteds  is  the  largest 
anisotropy  field  observed  in  ferrlmagnetic.  materials.  This  mate¬ 
rial  exhibits  natural  ferrlmagnetic  resonance  at  about  2  mm  wave¬ 
lengths. 

In  the  series  BaO*x[(TlCo)C>3]«  (6-x)F*203  the  aniaotropy 
field  wee  found  to  decreaae  from  17,500  to  6500  oeratede  hy  vary¬ 
ing  x  from  0  to  0.78. 

In  both  aarlea  tha  aaturation  magnetisation  waa  found 
to  decrease  with  Increasing  x.  Alto  a  moderate  decrease  of  the 
Curio  temnerature  was  observed. 

■  -  r- 

The  ferMmagnetie  resonance  Hnewldth  of  these  materials 
in  the  oriented  polycrystslllno  form  was  found  to  be  about  2000 
oeratedai  the  minimum  Hnewldth  observed  In  tome  single  crystal* 
of  theae  materials  ia  about  50  oersteds.  The  room  temperature 
g-value  of  the  oriented  polycryetalllne  material*  was  consistently 
found  to  be  g  -  1.91. 

,•  A  theory  was  presanted  to  describe  the  decrease  of  the 
saturation  magnetisation  with  x.  The  tame  theory  leads  to  a 
description  of  the  decrease  or  till.  Curie  temperature  with  compo¬ 
sition.  This  theory  is  based  on  an  hypothesis  concerning  tha 
3+ 

substitution  of  Fe  ions  in  preferential  crystallographic  sites. 

An  expression  for  the  anisotropy  field  as  a  function  of  x  is  derived 
by  further  assuming  that  the  anisotropy  constant  per  cell  is 
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proportional  to  the  number  of  (Bohr)  moments  per  coll. 

A  few  simple  Isolators  were  made  to  investigate  the 
usefulness  of  the  ainnimm-Bubstltutad  materials  in  resonance 
isolators.  It  was  found  that  they  not  only  performed  satisfac¬ 
torily,  but  that  those  for  which  x  £  0.5  required  no  applied 
field  to  keep  them  magnetixedi  regerdleaa  of  their  shape.  The 
higheet  value  obtained  for  the  ratio  of  the  reverae  to  forward 
absorption  (In  db)  was  36.  A  novel  method  of  broadbending 
these  isolator!,  feasible  with  theee  apeciel  materials,  wee 
demon atr a ted. 

Although  no  iaolatora  were  made  with  the  Ti  +  Co  sub¬ 
stituted  materials,  ths  insertion  lo*§ee  «f  aavtrai  naobara  of 
this  series  as  well  as  severs!  of  the  Ai  **H#n  war*  investigated* 
The  resulting  low  losses  obtained  indicated  that  these  materials 
ahould  be  useful  for  resonator  applications.  It  can  be  concluded 
that  with  the  above  two  aeries  of  compounds,  it  Is  possible  to 
tailor-make  microwave  magnetic  materials  having  anisotropy  fields 
in  the  rang*  7000  to  over  50,000  oersteds |  thsse,  then, would  be 
useful  in  the  frequency  range  25-150  kmc/sec. 


PUBLICATIONS,  LECTURES*  REPORTS  AND . CONFERENCES 


A  paper  entitled  "Magnetic  Materials  for  Use  at  High 
Microwave  Frequencies  (50-90  kMc/sec)",  by  F=  K*  du  Pre, 

D.  J.  De  Bitetto,  and  F.  G.  Brockman  was  published  (J.  Appl. 

Phys.  22,  No.  7,  1127  (1958)). 

A  paper  entitled  "Highly  Anisotropic  Magnetic  Materials 
for  Millimeter  Wave  Applications’",  by  D.  J.  De  Bitetto,  F.  K. 
du  Pre,  and  F.  G.  Brockman  was  presented  at  the  Ninth  International 
Symposium  on  Millimeter  Waves  on  31  March  1959  in  New  York  City. 
This  paper  was  also  published  in  The  Proceedings  of  the  Symposium 
on  Millimeter  Waves.  Volume  IX.  by  Polytechnic  Press,  N.  Y.,  1959. 

A  paper  entitled  "Ferrimagnetic  Linewidth  of  Single 
Crystals  of  Barium  Ferrite  (BaFe^O^)"  was  jointly  published  by 
I.  Bady  and  T.  Collins  (of  the  USASRDL),  and  D.  J.  De  Bitetto  and 
F.  K.  du  Pre  (Proc.  IRE  48,  No.  12,  2033  (i960)). 
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In  it  eduction 


In  the  work  of  the  contracts  summarised  In  this  report, 
substitutions!  compounds  e?  the  types  •  *  ( A  l  )  •  ( A-x )Fa -Q^ 

and  M^O^xtCTiOoJOjl'^fi-xjFejOj  wtra  investigated,  It  was  shown 
that  the  microwave  natural  resonant  frequency  varies  approximately 
ee  the  ratio  of  tha  anisotropy  constant  K  divided  by  the  eature- 
tion  magnetisation  M.  Twice  this  ratio  Is  equal  to  the  Internal 
or  oryetalllne  snieotropy  field,  i.e.,  H#n  «  By  repleoement 

34*  34* 

of  the  Pe~  ions  by  A1  in  tha  first  of  tha  above-man tioned 
aeries,  both  M  and  K  were  found  to  decrease,  M  decreasing  f Alter 
than  K.  This  resulted  in  an  increase  in  the  anisotropy  field  to 
values  greater  than  50,000  oersteds  (and  a  corresponding  lncrsaaa 
in  the  miorowsve  natural  resonant  frequency)  with  increasing  A1 

I 

content,  In  this  work  M8*  wss  taken  to  be  either  Be  or  8r,  the 
results  being  very  similar  in  both  cases,  A  theoretical  expres¬ 
sion  was  developed  for  the  variation  ;f  the  anisotropy  field  with 
composition.  Microwave  measurements  of  allowed  a  check  on 
the  validity  of  the  theory.  The  theory,  although  good  for  email 
x,  gradually  worsens  for  larger  x. 

A  different  approach  must  be  taken  in.  order  to  decrease 
th#  anisotropy  field  below  that. of  M  O'dre^Og.  For  the  compound 

BaO'6Fs2Q2  It  wvs  found  possible  to  accomplish  this  by  slmultane- 

4+  24-  'H 

ously  substituting  one  Ti  and  one  Co  for  two  FV  ions. 


It  was  assumed  that  this  would  also  he  the  case  for 

however,  this  assumption  was  found  to  b®  invalid.  Therefore  only 

the  Da  series  was  investigated  in  detail-  Again  both  K  and  M 

decrease  with  increasing  values  of  x»  but  In  this  series,  K  de¬ 
creases  faster  than  M.  ITjia  resulted  in  a  decrease  with  x  of  the 
•nieotropy  field  {tp  values  lower  than  7000  oersteds). 

A  theoretical  expression  was  developed  for  the  varia¬ 
tion  of  the  anisotropy  field  with  composition)  this  expression 
is  in  good  agreement  with  the  experimental  results. 


I.  Summary  of  the  Contracta 


This  Final  Report  under  Contract  DA-36-039  SC-85279  also 
carries  a  summary  of  related  work*  carried  out  under-  Contracts 

DA-36-039  SC-72319,  DA-36-039  SC- 73223,  and  DA-36-039  SC-78071, 

For  convenience  in  making  rafarenca  to  tha  various  re- 
porta  undtr  tha  various  contracta,  we  hava  n unbared  tha  reports 
aerially,  baginning  with  1  at  tha  first  quarterly  report  of 
Contract  Ho.  DA-36-039  SC-42603.*  Accordingly,  the  croaa  refer¬ 
ences  utad  hers  will  b#  thoaa  in  Tabla  I. 


m li 


QuiiUiwts  CusiMiilssd  In  this  Final  Report 

-  -  lith  Serial  Number,  of  Reports 


fiMLtml  N9i 

Quarterly  Reporta 

flnil  Rwral 

DA-36-039  SC-72319 

13,  14,  15 

16 

«  SC-73223 

17,  18,  19 

20 

"  SC-78071 

21,  22,  23 

24 

"  3C- 85279 

25,  26,  27,  28,  29 

30 

*  Work  was  carried  out  under  Contract  No.  DA-36-039  SC-42503 
(1952-1954)  and  also  under  Contract  No,  DA-36-039  SC-56759 
( 1954-1955) |  this  work  is  not  specifically  summarised  here. 
These  two  contracts  dealt  with  investigations  of  the  permanent 
magnet  material  which  serves  as  the  basis  of  the  later  work. 
The  investigations  were  concerned  with,  first,  the  techniques 
for  producing  the  optimum  permanent  magnet  properties  of 
isotropic  ceramic  magnets  and,  second,  the  techniques  for  pro¬ 


ducing  the  optimum  permanent  magnet  properties  of  oriented 
ceramic  magnets. 

Only  the  work  involving  the  microwave  properties  of  these 
materials  Is  included  In  this  summary. 


f 
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II*  The  Materials 


The  materials  made  and  Investigated  in  these  studies 
are  all  related  to  BaFe^O^.  This  material  has  bean  developed1 2 
as  a  permanent  magnet  material  and  is  known  under  various,  trade 
names,  for  instance,  Ferroxdure  or  Magnadur. 

(a)  Crystal  Structure  of  BaFa^O^  and  the  Compos itiona 


The  oryatal  structure  of  BaFe^^^^  ia  the  aasne  aa  that 
of  the  mineral  magnetoplumbite.  '  Figure  1  ia  a  photograph  of  • 
cryatal  modal  of  the  unit  cell  of  the  atructure.  In  the  model, 
the  larger  white  spheres  represent  oxygen  Iona,  the  large  dark 
Ones  btiiiuiH,  «nu  lii«  amallai  sphnraa  represent  ferric  Iren  lent. 

The  unit  cell  dimensions  arei  c  -  33  angstroms  and 
a  m  5  =  9  angstroms.  That  l«*j  the  unit  cell  is  much  longer  in  the 
direction  of  the  hexogonal  axis  than  it  ia  in  the  principal  crys¬ 
tallographic  direction  in  the  basal  plana,  perpendicular  to  tha 
hexagonal  axis. 

This  type  of  atructure  can  be  maintained  If  the  divalent 
barium  ion  is  replaced  by  other  divalent  ions,  providing  that  the 
ionic  radius  of  the  divalent  replacement  does  not  differ  greatly 


1)  Went,  et  al„,  PM*. ps  Tech,  Rev.  12,  194-208  (1952). 

2)  V.  Adelskold,  Arkiv  fuer  Ketni,  Mineralog.  oeh  Geologi,  12A. 
1-9  (1938). 
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Fig.  I  MODEL  OF  THE  CRYSTAL  UH\T  CELL  OF 
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from  the  barium  ionic  radius.  Table  II  gives  the  ionic  radii  of 
ions  of  Interest. ^ 


TABLE  II 

Ionic  Radii.  in  Angstroms 

0.67 
O.b? 

0.82 
0.64 
0.64 
0.69 

'From  Table  TT  it  can  be  imagined  that  the  bariiaa  Ion  can 

bo  raplaoed  by  lead  and  by  strontium  and  this  is  ths  csss  as  prs- 
oi 

viously  shown.  '  The  ionic  radius  of  calcium  ion  is  too  small  to 
form  a  stable  "magnetoplumbite"  structure*  but  a  fraction  of  th§ 

4) 

barium  can  ba  raplacad  by  calcium  without  destroying  tha  symmatry.  ' 
Adalskoid  '  has  shown  also  that  tha  compounds  CaAl^Oj^, 
SrAl^O^  and  BaAl12019  likewise  have  the  Tnagnetoplumbitew  atruoture. 

It  is  tharafore  possible  to  prapara  farrimagnatic  matarials 
which  possess  the  magne topi  unbite  structure  In  which  the  barium  may  be 
completely  replaced  by  load  and  strontium  and  partially  by  calcium. 


3)  Taschanbuch  fuer  Chemlker,  u.  Fhysiker,  D'Ana  &  Lax,  Springer, 

Berlin  (1949). 

4)  J.  J.  Went,  et  al.»  U.  S.  patent  2,762,777. 


B.2* 

1.43 

f.3+ 

Pb2* 

1.32 

ai3* 

Sr2* 

1.27 

Co2* 

Ga2* 

1.06 

Ti4* 

Co3* 

Ti3* 

11 


In  addition,  the  iron  may  be  partially  replaced  by  aluminum* 

In  discussing  these  substituted  compounds  it  is  convenient  to 
rewrite  ths  formula  Of  B5F*12019  as  BaO*6Fe2©3»  Than  a  more 
general  formula  may  be  written  to  indicate  the  various  substi¬ 
tutions.  which  will  ba  considered  here*  This  general  formula  iai 
M^O  *  x(N^03)  *  (6-x)F#a0a.  In  this  formula  M2*  repreaenta 
Ba2*,  Sr**  or  Ffe2*  and  (partially)  Gt2*!  N2*  repreaenta  In  this 

work  A1  (although  other  trlvalent  lone  have  been  Introduced  by 
other  workers). 

There  are  a  number  of  literature  references  which  deal 
with  aluminum  substitutions  In  the  magnetoplumblte  structure  and 
f-b*  efaact  of  these  substitutions  upon  the  magnetic  properties  of 
the  material!.  '  (some  of  these  references  report  also  the 
substitution  of  trlvalent  Iona  other  than  A1  .)  Eleven  composi¬ 
tions  from  x  ■  0  to  x  *  1.70  have  been  prepared  under  various 
contracts.  Table  IIIt  which  follows  the  next  discussion,  con¬ 
tains  a  Hating  of  all  compositions  made. 


*  Indeed,  according  to  *>,  complete  replacement  can  yield  the 
compound!  CaAli20i9>  SrAl^gOig  and  BaAiia°19.but»  obviously, 
these  are  of  no  interest  here  since  no  ferrimagnetlc  behavior 
will  exist  upon  the  complete  exclusion  of  the  ferric  ion. 

5)  H.  Kojima,  Sci.  Rep.  Research  Inst,.,  Tokohu  Unlv.  A7,  507-514 
(1955). 

6)  Guillaud  8,  Villers,  Compt.  rend.  242.  2817-2820  (1956). 

7)  Van  Uitert,  J.  Appl.  Phys.  £8,  317-319  (1957). 

8)  Mones  &  Banks,  J.  Phys.  Chem.  Solids,  i,  217-222  (1958). 

9)  Bertaut,  Desuidiiips  &  Fautheriat,  Compt.  rend.  246.  2594-97  (1958 
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As  discussed  above,  certain  trivalent  ions  (here  AT  ) 

3+ 

may  be  substituted  for  Fe  ion  in  the  magnetoplumbite  lattice. 

However,  there  is  another  sort  of  substitution  which  can  bo  made 

without  the  loss  of  the  structure.  This  type  of  substitution 

3+ 

depends  upon  the  replacement  of  Fe  ion  by  equimoler  amounts  of 
a  divalent  ion  end  a  quadrivalent  ion.  The  requirement  is  that 

the  Ionic  radii  of  these  ions  do  not  greatly  differ  from  that  of 

3*f  34* 

the  Fe  ion.  In  this  case,  two  gram  ions  of  Fe  are  replaced 

by  one  gram  ion  of  the  divalent  ion  and  one  gram  ion  of  the 

quadrivalent  ion. 

Compositions  in  which  auch  divalent-quadrivalent  sub- 
atltutiona  have  been  made  are  described  in  the  literature.10^ 
ur  tne  venous  possible  ionic  substitutions  sf  this  sort,  one 
is  Of  special  interest.  (The  reason  for  thia  apeclal  interest 
will  appear  ir.  the  discussion  of  the  magnetic  properties  of  the 
materials.)  This  apeclal  substitution11^  is  the  equimolar  sub¬ 
stitution  of  Co®*  and  Tl4*  for  2  Fe3*,  Reference  to  Table  II 
will  show  that  the  ionic  radii  of  the  three  ions  are  similar  and 

10)  Smit  and  Wijn,  "Ferrites",  Philips  Technical  Library, 

Eindhoven  (1959), 

11)  E.  W.  Gorter,  U.  S.  Patent  2,960,471. 

*  Cobalt  and  titanium  both  enter  into  chemical  combination  in  the 
trivalent  state.  It  Is  interesting  to  note  that  the  ionic  radii  of 
Fe^+,  Co3+  and  Ti^+  are,  respectively,  0.67,  0.64  and  0.69.  This 
strongly  suggests  that,  in  these  materials,  the  cobalt  and  titanium 
exist  in  the  trivalent  state.  In  the  trivalent  state  titanium  has 
one  uncompensated  3d  electron  and  therefore  one  Bohr  magneton, 
whereas  in  the  quadrivalent  state  there  are  no  uncompensated  elec¬ 
trons.  Similarly,  the  number  of  Bohr  magnetons  for  cobalt  ion 
increases  by  one  in  going  from  the  divalent  to  the  trivalent  state 


II 

II 

E 

i 

1 

I 

1 

i 

1 

I 

I 

I 

I 

1 

l 

a 


substitution  does  therefore  occur.  It  might  be  imagined  that  Fm 

2+ 

may  be  replaced  by  Co  but  reference  to  the  Table  ..  shows  the 
large  difference  In  these  Ionic  radii  which  prevents  this  substi¬ 
tution.  Table  III  which  follows  lists  all  compositions  made  and 
studied  under  the  contracts  mentioned. 

Some  explanation  concerning  the  inclusion  of  both  barium 
containing  and  atrontium  containing  competition*  it  in  order  here. 

In  the  first  microwave  studies  carried  out  in  these 
contracts,  B*O*6F#20g  and  SrO'6FSjjO,j  were  compared.  The  strontium 
based  material,  Sx0*6f#203,  insofar  as  its  microwave  loaaea  were 
concerned,  was  comparable  to  the  barium  baaed  material  in  tha 
X  bind  of  frequencies,  but  in  the  K  band  it  was  superior  to  the 
barium  material. 

As  a  result  tha  strontium  base  was  used  for  the  substi¬ 
tution  experiments  end  all  but  one  of  the  aluminum  substituted 

compositions  were  made  on  this  basic.  (The  one  barium-aluminum 
composition  was  in  process  while  the  above  K-band  data  were  being 

accumulated. ) 

The  cobalt-titanium  substitution  compositions  were  begun 
also  in  ths  strontium  aystsm.  Howevtr,  it  became  apparent  in  the 
microwave  studies  that  the  anticipated*  Internal  fields  (q.v.)  of 


#  Our  anticipations  were  based  on  a  private  communication  from 
Ir.  H.  G.  Beljers,  Philips  Research  Laboratories,  Eindhoven, 
Netherlands.  He  reported  an  internal  field  of  7000  oersteds  for 
BeO,0.66[(TlCo)Og]'5.34Fe2^3‘  These  data  and  our  own  value  of  the 
internal  field  of  BaO’bFegOg  were  used  to  predict  three  composi¬ 
tions  with  internal  fields  of  10,000,  13,00C  and  16,000  oersteds. 
It  was  not  expected  that  the  substitution  of  strontium  for  barium 
WOUld  hayo  t h r.  prrmnnnr.pd  effect  that:  it  did  have. 
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TABU  III 


Compositions  Prepared  and  Studied  together 
with  Cross  References  to  Earlier 


Coapoeltion 


BaO*6  F*a03 

B»0*1.0  Al203*5.0  F§203 
Ba0*0.25  C(TiCp)0j]*5.75  FejQg 
BeO'O.40  [(T.lCo)03]*5.Ba  FejQj 
BeO‘O.68  [(TiCo)03]‘S.32  FejjOj 
B«0*0*78  [(TiGo)033*5.aa  FSjOj 


Report  Serial  No.  as  per 


13,  14,  15 
17 

25,  86,  27 
83,  24,  28 
25,  26,  27,  28 
29 


SrO*  6 

SrO'O.l  Al203*5.9  F#203 
SrO'O.2  AljOg'B.B  FijOg 
Sr0*0.5  Al203*5,5  Ft^ 

SrO'l.O  Al203*5.0  f»2o3 
Sr O'  1.35  Al203*4.6b  FtjOg 
SrO*1.42  Al203*4.58  Fe.^Og 
SrO*  1.50  Al203*4.50  Fe^g 
SrO*  1.70  Al203-4„30  FOgOg 
SrO* 0.16  [{TlCo)03]-5.84  Fe.^Og 
Sr0*0.32  [(TiCo)G3]”5.6B  Fe^ 
SrO'0.48  [(TiCo)0,]"5.52  Fe„0 


13,  14,  15,  16,  20 
18,  19,  20 
18,  19,  20 
18,  19,  20 
18,  19,  20 
21 
25 
25 

27,  28 

21,  22,  23,  24 
21,  22,  23,  24 
21,  22,  23,  24 


the  compositions  chosen  were  not  achieved.  One  composition  in  the 
barium  system  (Da0-0.48[(TiCo)0;j]*5.52Fe20j)  was  then  made  and 
considerably  better  aqreernent  between  expectation  and  actual 
experiment  resulted.  Therefore,  all  later  cobalt-titanium  substi¬ 
tuted  compositions  were  based  on  the  barium  system.  The  reason 
that  th*  strontium-cobalt-titanlisn  materials  did  not  poetess 
internal  fields  closer  to  the  internal  fielda  of  similar  barium 
materials  waa  not  established. 

(b)  MlAitUU 

!■  an.mtnuii 

All  the  mtteriali  studied  were  made  by  sintering  tech- 

ft 

nlquea.  The  starting  materials  were  appropriate  compounds  of 
the  various  cations.  These  appropriate  compounds  were  either  the 
oxides  or  carbonates.  The  following  raw  materials  have  bean  used 
in  one  or  another  of  the  various  final  materials  prepared! 

Barium  Carbonate,  Precipitated  Purified 
Strontium  Carbonate,  Reagent  Grade 
Ferric  Oxide,  C.  K»  Williams,  R-1399 
Aluminum  Oxide,  Linde,  B-312S,  99.99#  pure 
Cobaltous  Carbonate,  Reagent  Grade 
Titanium  Dioxide,  "  " 

Of  these  raw  materials,  the  Linde  aluminum  oxide  was 
accepted  at  the  stated  purity  given  by  th#  manufacturer.  All 
other  raw  materials  were  subjected  to  chemical  assays  and 

*  A  few  single  crystals  were  also  studied.  These  were  obtained 
from  outside  sources  and  their  method  of  preparation  will  not  be 
discussed- 


appropriate  corrections  were  made  in  the  stoichiometric  calcula¬ 
tions  to  account  for  the  departures  from  100&  purity. 

2.  Stoichiometry 

Throughout  this  report  the  compositions  of  the  materials 
ere  reported  on  the  heels  of  one  mole  of  BaO  or  SrO  to  6  moles 
of  FtgOg  (or  e  total  of  6  moles  when  substitution  of  Fe^Oj  ie 
Indicated!  thuai  Ba0'0.78[(TiCc)03],S.2SF*g0g). 

This,  however,  Is  not  the  basil  on  which  the  composi¬ 
tions  were  prepared.  Raw  materials  were  processed  on  the  baait 
1.1  BaO  or  1,1  SrO  to  6.0  FSgOg  (or  the  total  of  6  moles  when 
substitution  of  FtgOg  it  indicated).  1 

The  early  phases  of  this  contract  work  (rvot  specifically 
eumnarised  here)  mwxm  wuueesiieU  wiU.  Lhe  permanent  magnet  prop¬ 
erties  of  materials  related  to  Ba()*6Fe„0„.  In  this  early  work 

A 

it  was  demonstrated  that  superior  permanent  magnet  propertlne  were 
developed  If,  in  the  initiel  raw  materials,  the  ratio  of  barium  to 
iron  waa  greater  then  that  indicated  (i.e.  Ii6).  The  optimum  we a 
found  to  be  I.I16.O.  This  ratio  hss  been  maintained  throughout 
the  subsequent  work.  In  reporting  the  compositions  of  the  material* 
prepared,  It  waa  our  custom  to  specify  this  deviation  from  stoi¬ 
chiometry.  For  Instance,  l.lBaO*0.78[(TiCo)Og]*5.22F#203  for  the 
example  above.  However,  in  the  Quarterly  Progress  Report, 

15  January  1960  to  14  April  1960  (Table  I,  No.  25)  the  departure 
from  stoichiometry  was  deleted  from  the  symbolic  formulae.  The 
principal  reason  for  this  change  was  that  the  literature  then  began 


references  the  compositions  are  usually  stated  on  the  basis  of 
the  li6  ratio.  It  is  our  assumption  that  the  intrinsic  proper¬ 
ties  which  are  observed  are  thoee  of  the  stoichiometric  materials 
Thsrefore,  in  order  to  avoid  confusion  in  comparing  our  reeult* 
with  data  preeentad  by  othar  workers,  we  began  with  Report  25, 
(Table  I)  to  report  our  competitions  on  the  1*6  basis,  §1 though 
ths  compositions  were  prepared  on  the  1.1  to  6.0  basis  In  the 
initial  raw  materials. 

We  feel  a  certain  justification  for  our  assumption 
that  the  intrinsic  properties  are  those  of  the  stoichio¬ 
metric  materials,  for  we  hove  furnished  chemical  evidsnet 
of  •  sacond  phase  which  we  identified  as  BaO  (or  SrO  as 
tha  case  may  be).  This  second  phtee  wee  not  detectable 
by  X-rav  diffraction  analysis.  W*  have  eypreaaed  the 
opinion  that  one  of  the  virtues  of  this  second  phase  is 
lte  influence  on  the  structure  sensitive  properties  of 
the  matsrial,  especially  the  coercive  force. 

Tf  the  second  phase  in  the  solid  samples  is  BsQ 
(or  8rO),  the  0,1  mol  excess  corresponds  to  a  dilution 
of  the  magnetic  phase  by  about  1.4#  by  weight  in  the 
csss  of  BaO'6Ft203  and  by  about  1.0#  In  ths  cast  of 
Sr0*6Ft5j03, 


Isotropic  Sar 


Except  for  a  fsw  early  experiments  on  polycryatalline 
Isotropic  samples,  all  work  reported  here  hae  dealt  with  anlso^ 


tropic  polycrystalline  sampleo.  That  the  uniaxial  hexagonal  mag¬ 
netic  material  BaObFo^Og  can  be  prepared  in  highly  oriented 

i  o\ 

state  has  been  described  previously.  ' 


12)  Stuijts,  Rathenau  8.  Weber,  Philips  Tech,  Review  16 ,  141-147 

(1954). 


In  the  preparation  of  anisotropic  samples,  the  material 
is  first  prepared  by  solid  state  reactions  so  that  crystallites, 
which  are  definitely  larger  than  single  domain  size,  are  grown. 
This  then  is  ground  to  prepare  a  powder  in  which  most  or  the  par¬ 
ticle*  ire  smaller  than  single  domain  else,  but  still  fragments 
of  single  crystals*  The  powder  so  preparad  is  then  pressed  in 
the  presence  of  a  strong  magnetic  field  to  form  s  piece  suitable 
for  final  firing* 

The  process  is  long  and  involved  and  it  best  described 
by  reference  to  Fig*  2,  Processing  Procedures  for  Anisotropic 
Materials* 

In  Fig*  2  are  shown  the  14  step*  Involved  in  the  prep* 

srstlon  of  the  anisotropic  namplvs*  Details  concerning  these 
various  steps  follow! 

Step  1.  The  ‘quantities  of  raw  materials  necessary  were 
calculated  on  the  basis  of  t.hs  required  stoichiometry* 
Allowance  was  made  for  the  assayed  percentage  purity  of 
each  raw  material.  These  then  wore  weighed  out  in  the 
required  amounts* 

Step  2.  The  raw  materials  were  thoroughly  mixed  in  a 
high  speed  mixer  using  ethyl  alcohol  as  the  blending 
agent. 

Step  3.  The  blending  fluid  was  removed  from  the  blended 
raw  materials  by  simple  filtration.  The  blended  materials 

■sore  then  dried  at  about  120°C. 
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Step  4.  The  material  from  Step  3  was  broken  up  and 
transferred  to  Alundum  crucibles*  Prefiring  of  this 
powder  for  4  hours  at  1000°C  then  produced  a  pavtly 
reacted  material. 

Stan  5.  This  ball  milling  was  carried  out  ueing 
ethyl  alcohol  at  the  milling  agent. 

Stee  6.  The  milled  powder  was  separated  from  the 
milling  agent  by  elmple  filtration. 

Stem  7.  Thia  partly  reacted  powder  waa  praaaed  into 
slug*  1M  in  diameter  and  about  l^l/2w  to  2"  tall. 

Step  8.  The  slug#  of  Step  7  were  fired  end  an  effort 
waa  made  to  carry  out  the  firing  at  e  sufficiently 
high  temperature  end  for  a  sufficiently  long  time  to 
produce  crystallites  on  the  slugs  which  are  easily 
viilble  to  the  naked  eye.  Theee  firing  conditions 
depend  upon  the  refractory  nature  of  the  material. 
Usually  the  firing  temperature  was  between  1300°  and 
1400 °C  and  the  time  about  4  hours. 

Step  9.  The  crystallised  slug*  wars  crushed  in  a 
jaw  crushsr  and  then  pulverised  in  a  Braun  pulveriser. 

Step  IQ.  This  ball  milling  was  carried  out  with 
ethyl  alcohol  as  milling  fluid.  The  particle 
size  of  the  resulting  powder  is  of  some  importance 
especially  as  it  affects  Step  12.  In  general. 
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the  milling  time  lay  between  10  and  100  hours.  For 
the  various  preparations,  reference  should  be  made  to 
the  reports  dealing  with  the  particular  composition 
for  details  concerning  this  milling  operation. 

Step  11.  The  milled  powder  was  separated  from  the 
milling  agent  by  simple  filtration. 

Step  12.  All  samples  were  preseed  in  a  1M  x  lH  single- 
acting  die.  The  usual  sample  weight  was  30  grams  and 
the  prasaad  haight  waa  about  1.7  om. 

The  die  waa  equipped  with  holes  In  the  two  die  faces 
in  the  pressing  direction.  These  holes  were  covered  for 
each  pressing  with  squares  of  filter  paper. 

The  30  grams  of  powder  were  thoroughly  Mixed  With 
40  cc  of  a  2#  polyvlnylalcohol  solution.  This  slurry  was 
Introduced  into  the  die  end  the  whole  unit  was  placed 
between  the  4"  pole  pieces  of  an  electromagnet*  so  that  a 
magnetic  field  could  be  established  along  one  of  the  1" 
directions,  perpendicular  to  the  pressing  direction. 

A  field  of  about  7000  oersteds  was  applied  for  about 
10  seconds  and  then  reduced  to  about  6500  oersteds. 
Pressing  of  the  slurry  was  then  begun.  The  5500  oersted 

*  Except  for  circumferentially  oriented  toroids  specially 
made  at  the  request  of  the  USASRDL  for  experiments  to  be 
conducted  by  Melabs,  Palo  Alto,  Calif.  Since  making  such 
toroids  is  a  special  problem,  the  techniques  are  described 
separately  in  the  Sixth  Quarterly  Report  bound  with  this 
report. 
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field  was  applied  throughout  the  time  for  pressing. 

The  pressure  was  raised  slowly  so  that  the  water  of 
the  slurry  could  be  removed  through  the  filter  papers. 

The  final  pressure  was  about  3000  pounds  per  at).  in. 

In  some  cases,  rod  shaped  samples  were  required* 
These  were  made  by  cutting  them  out  of  a  "green"  piece 
pressed  in  the  .1"  x  1"  die.  Usually  the  axis  of  the 
cylindrical  rod  was  taken  in  the  direction  of  the 
original  orienting  field. 

Step  13.  Firing  of  the  oriented,  pressed  pieces  wee 
carried  out  in  air.  The  temperature  of  firing  depended 
on  the  refractory  nature  of  the  materiel.  The  utual 
i^—Tupsir 3 buxs £  Vfcz's  bsibwscr*  mHc!  I400*C.  Ths  time 

on  temperature  was  usually  1  hour.  Reference  should  be 
made  to  the  reports  dealing  with  particular  compositions, 
see  Tables  I  and  III. 

In  general,  the  dimensional  shrinkage  upon  firing 
was  anisotropic.  The  shrinkage  in  the  oriented  direction 
(l.e.  the  direction  of  the  hexagonal  axis,  alternatively, 
the  direction  of  the  orienting  field)  being  greater  than 
in  the  two  directions  perpendicular  to  this  direction. 

The  fired  dimension  of  a  typical  sample  was  1.86  cm  In 
the  oriented  direction,  2.24  cm  in  the  direction  perpen¬ 
dicular  to  this  direction,  and  1.50  cm  in  the  pressed 
direction  (also  perpendicular  to  the  oriented  direction). 


I 1 I •  X-Ray  Densities  of  the  Compositions 


•As  will  he  discussed  below  (siee  section  "IV  (b)  Saturation"), 
the  observed  saturation  magnetisations  may  be  converts  to  sat¬ 
uration  magnetisation  per  unit  volume  at  X-ray  density  from  the 
measured  apparent  density  and  the  X-ray  density*  The  X-ray  den¬ 
sities  of  the  aluminum  substituted  materials  were  determined  in 
the  following  manner. 

In  the  absence  of  other  information  it  may  be  aaeumed 
that  the  densities  of  solid  solutions  of  BaQ^FtgOg  and  BaO^AlgOg 
aa  wall  as  the  densities  of  solid  solutions  of  SrO*6F»2Og  and 
SrO*6AlgOg  will  vary  linearly  with  composition  expressed  in  mole 

percent.  (This  is  en  extension  of  Vegard's  rule  with  regard  to . . 

the  lattice  parameters  or  substitutional  aviations  of  the  elements.)-' 

Tha  X-ray  densities  of  the  four  compounds  immediately 

2) 

above  were  calculated*  Adslskold  '  has  given  the  lattice  param¬ 
eters  of  these  compounds.  Using  hie  data  end  the  rnaee  of  an  atom 

-44  " 

of  unit  atomic  weight  to  be  1.6603  x  10  grew,  the  calculated 
X-ray  densities  «r*» 

Ba0-6Fe203  5.33  Om/cm3  Sr0*6Fe203  5.14  Gta/cm3 

Ba0*6Al203  4.16  Om/cm3  Sr0*6Al203  4,05  Om/cm3 

On  the  basis  of  the  above  linear  assumption  and  these 
data,  Fig.  3  was  drawn.  This  serves  to  give  thte  X-ray  densities 
of  the  various  solid  solutions. 

Similar  data  are  not  available  for  the  calculation  of 
the  X-ray  densities  of  the  series  BaO'x[(TiCo)0„]‘(6-x)Fe,,0  . 
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Accordingly  the  cooperation  of  the  X-Ray  Section  was 
enlisted  and  the  unit  cell  dimensions  of  three  compositions  were 
determined.  In  addition,  the  unit  cell  dimensions  of  BaO*6Fe2Og 
were  determined.  The  results  followi 

1  £ 


Bs0*6F#203* 

6.902 

23.23 

BaO • 0. 48[ ( TiCo ) 03] ' 5 . 52Fe203 

5.87 

23.2 

Ba0*0.68[(TiCo)03]*5.32Fe203 

5.88 

23.2 

BaO-O *78[ ( TiCo )03] *5 , 22Fe£03 

5.88 

23.2 

There  le  no  really  significant  change  in  the  X«*ray  den¬ 
sities  over  the  concentration  range  of  [(TiQo)Og]  eubetltutlon 
used  here*  Within  the  precision  of  the  measurements ,  the  solid 

ejnT »!+  f  one  nan-vffTTrn^n  1.rR.viP«n  an  hatrn  -fTie*  cpmo  roll 

. . . .  . 3J  . 5T3  . . .  . . 

dimension*.  The  change  in  molecular  weight  in  going  from 

B#0-*Fe203  to  B«0*0.78[(TiCo)Q3>&.22F*203  it  1111-6  to  1107,0 
or  about  0.3$.  If  It  Is  assumed  that  the  difference  shown  in  the 
lattice  parameters  is  significant,  then  the  X-rey  density  of 
BSO*0.78[(TiCo)0g]*5.22Fe20g  is  about  2  parts  in  1000  grsater  than 
that  of  BaO'bFe^Og.  Some  doubt  may  sxist  concerning  the  signi¬ 
ficance  of  this  difference  since  the  X-ray  report  indicated  that, 
for  the  substituted  materials,  the  lines  were  weak,  of  poor  qual¬ 
ity  and  not  well  resolved. 


#  The  parameters  of  BaOOFeQOs  differ  slightly  from  those  re¬ 
ported  by  Adelskold^'  and  used  in  the  preparation  of  Fig.  3. 


On  the  basis  of  the  above  reported  X-ray  investigation, 


it  may  bo  assumed  that  the  X-ray  density  of  BaO'fiFegO^, 

5.33  Otn/cm  ,  applies  also  to  the  corresponding  titanium-cobalt 
substitution  compounds  up  to  x  -  0.78  in  BRQ'scE^iCG^g]*  (6-x)FegO 

IV.  Magnetic  Properties  of  the  Materials 

(*)  Aalagtoaa* 

The  materia  1  BaFe^O^  has  one  axle  of  eaay  magneti Ra¬ 
tion  parallel  to  the  hexagonal  axis  (i.e.  the  crystal  anisotropy 
is  uniaxial). 

The  tendency  of  a  magnetic  material  to  poaseaa  this 
uniaxial  prafarrtd  direction  of  magnetisation  may  be  described 
by  the  amount  of  energy,  1,  necessary  to  turn  thr  magnetisation 
trom  the  eaay  direction  tnrougn  an  angle  w,  a  ia  givan  byi 

E  a  K1  ain20  +  Kg  ain4e  +  ... 

where  the  quantities  Kj,  Kg  etc.  are  constants  (which,  however, 
are  functions  of  temperature). 

In  tha  case  of  BaFe^O,^  the  first  term  is  sufficient 
to  describe  the  behavior  so  that  the  energy  becomes 

E  =  K  ain2e  , 

For  BaFe^O^g  the  constant  K  has  been  reported  to  be 
6  3  1 ) 

3  x  10  erg/cm  .  '  In  this  work,  the  value  of  the  constant  K  for 
^*^*12^19  was  determined  on  a  well  oriented  polycrystalline  sample 
by  the  tseasurement  of  the  energy  difference  between  the  magnetiza¬ 
tion  process  in  the  easy  (hexagonal  axis)  direction  and  in  a 


direction  at  right  angles  to  the  hexagonal  axis  (Report  15,  Table  i) 
The  value  obtained  wasi 


BaFft12°19 


Rooa  tettperaiifte 


6  3 

K  «  2.8  x  10  ergs  per  era 


In  «  similar  manner  the  anleotxopy  conetant  tor 
SrFe^jO^  hat  been  determined  (Report  16). 

3rrV» 

b<m»  MBatm 

K  *-  3t3  x  10^  ergs  per  cm3 

\\ 

Thie  technique  le  not  applicable  to  the  determination 
of  the  anisotropy  constant  of  the  aluminum  aubHltuted  materials 

i  . 

since  it  becomes  impossible  to  saturate  these  material®  in  the 
"difficult"  direction  (l.a.  at  right  angles  to  the  oriented 
direction)  with  fields  which  can  bt  generated  in  our  laboratory 
(certain  of  those  materials  require  fields  in  excess  of  40,000 
oersteds  for  saturation). 

However,  microwave  resonance  techniques,  to  be  dis¬ 
cussed  later,  make  possible  the  determination  of  this  quantity 
for  all  compounds  studied. 

In  the  titanium-cobalt  substituted  materials  It  is 
known^  that  the  anisotropy  decreases  with  increased  replace¬ 
ment  of  Fe^.  Indeed,  at  the  composition  Ba0*1.2[(TiCo)03]*4.8Fe2°3 


-  26  - 


the  anisotropy  constant  is  zero.  This  zero  is  evidence  that,  for 
replacements  in  excess  of  1.2,  the  easy  direction  of  magnetization 
is  no  longer  the  direction  of  the  hexagonal  axis,  but  at  right 
angles  to  this  direction,  that  is,  in  the  basal  plane. ^  Other 
oxidic  magnetic  substances  possessing  this  type  of  anisotropy  have 
been  described  and  have  been  referred  to  as  Ferroxplana 
materials. 13»14^ 

This  work  has  baan  concerned  with  only  those  tltaniiim- 
cobalt  substituted  compositions  possessing  uniaxial  anisotropy, 
(i.s.  thosa  in  which  tha  substitution  it  lass  than  the  1.2  of  the 
above  formula). 

~~  Thar#  ess  some  indication  that  onaconatantin  tha 
anergy  axpreaaion  given  above  may  nut  be  sufficient  w  u**v*iww 
tha  anisotropy  in  toms  of  the  higher  substitutions  studied  here. 

(b)  SitunUsn 

The  saturation  magnetizations  for  all  compositions  have 
been  determined  at  room  temperature.  These  determinations  have 
been  made  using  en  automatic  hysteresis  curve  recorder  in  which 
the  field  strength,  H,  is  automatically  subtracted  from  the  total 
Induction,  B,  to  yield  4WM  the  Intrinsic  magnetization.16^ 


13)  Jonker,  Hijn  &  Braun,  Philips  Tech.  Rev.  lfi,  145-154  (1956/57) 

14)  StuiJtB  &  Wijn,  Philips  Tech.  Rev.  12.  209-217  (1957/58). 

15)  Brockman  &  Steneck,  Philips  Tech.  Rev.  l£,  79-87  (1954). 
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The  observed  intrinsic  induction  obtained  in  this  manner 
was  converted  to  the  saturation  per  gram  by  the  use  of  measured 
density  of  the  specimen.  The  measured  density  was  obtained  from 
the  volume,  calculated  from  the  linear  dimensions,  and  the  weight 
of  the  sample* 

Alternatively,  the  observed  intrinsic  induction  may  ba 
converted  to  the  intrinsic  induction  at  X-ray  density  by  the  uaa 
of  the  measured  density  and  the  X-ray  density  (q.v.). 

Figure  4  shows  graphically  the  experimentally  determined 
values  of  the  saturation  per  gram,  cr,  as  a  function  of  the  substi¬ 
tution  in  ths  two  series i 

8rO»xAlaOa*(6-x)FeaOa  and  BaO*  x[ (TlCo )0#] * ( 6“x)Fpa0j>  . 

These  a  values  way  be  directly  converted  to  saturations  p#r  unit 
volume  at  X-ray  densities  with  simple  reference  to  ths  X-ray 
densities. 

<o>  2K/M 

Thia  ratio  of  tha  anisotropy  constant  to  tha  saturation 
magnetization  is  of  Importance  for  two  reasons » 

1.  The  maximum  theoretical  intrinsic  coercive 
force  of  a  permanent  magnet  material  (which  may 
be  described  by  the  "fine-particle"  picture)  is 
directly  related  to  this  ratio. 


16)  Bororth,  Elect.  Eng.  6§,  471-6  (1949), 

17)  Brockman,  Elect.  Eng.  71,  644-47  (1952). 


Fig.4  SATURATION  PER  GRAM.CT 
EXPERIMENTAL  VALUES 
(ROOM  TEMPERATURE) 


2.  The  internal  or  crystalline  anisotropy  field 
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is  given  by  this  ratio,  i.e.  H  =  2K/M.  Ferro- 

an 

magnetic  resonance,  due  to  this  anisotropy  field. 

is  found  to  occur  in  the  microwave  region. 

These  two  magnetic  quantities  are  separately  discussed 
in  the  following  two  sections. 

(d)  The  Coercive  Forco 
7S 

Van  Uitert  '  has  shown  that  the  intrinsic  coercivs  force 
of  aluminum  substituted  B&O'hFSgOg  and  of  aluminum  substituted 
Sr0‘6Pe203  increases  as  the  amount  of  aluminum  replacing  iron 
increasea.  Ibis,  in  accordanca  with  the  fine-particle  theory, 
implies  that  the  ratio  2K/M  should  also  increase  as  ths  aluminum 
content  increases. 

This  increase  in  coercive  force  was  also  observed  in 
this  work.  However,  no  effort  was  expended  in  trying  to  relate 
the  coercive  force  to  the  amount  of  replacement.  This  was  so 
because  the  coercive  foroe  is  a  structure  sensitive  magnetic 
property  and  may  be  varied  over  wide  limits  by  various  process¬ 
ing  variables. 

On  the  other  hand,  the  diminishing  anisotropy  constant*^ 
associated  with  the  replacement  Of  iron  by  titanium-cobalt  can  be 
expected  to  lead  to  diminishing  coercive  forces.  These  are  indeed 
the  findings  in  this  work.  As  a  result,  with  the  higher  Ti-Co 
substitutions,  the  permanent  magnet  properties  deteriorate. 


As  noted  above,  the  coercive  force  is  structure  sens! 
tlve.  We  have  investigated  the  possibility  of  increasing  the 
coercive  force  of  one  of  the  Ti-Co  materials.  This  is  reported 
in  our  Report  29  (Table  l).  By  altering  the  initial  particle 
size  of  the  powder  and  the  firing  conditions,  it  was  found  pos¬ 
sible  to  vary  the  cotrolve  force  from  over  1400  oersteds  to  30 
oersteds  in  the  competition  BaQ*Q.48[(TiCo)03]*3.52Fe203.  The 
larger  coercive  forces  are  obtained  through  a  sacrifice  in  the 
final  fired  density,  and  therefore,  perhaps,  at  a  sacrifice  in 
machinabllity. 

(•)  The  Internal  Field 

Van  Uitert7)  has  suggested  that  the  Increase  in  2K/M 
(implied  hy  his  observations  of  the  increase  in  the  coercive 
force  accompanying  an  increased  amount  of  aluminum  replacing 
iron)  should  also  cause  ferromagnetic  resonance  to  occur. at 
frequencies  grsater  than  50  kmc/sec  (the  natural  resonance  fre¬ 
quency  of  simple  BaO'6Fe203)'  He  cltss  a  measursment  by 
M.  T.  WeisB,  in  the  frequency  range  of  50-56  kmc,  confirming 
this  suggestion. 

The  work  reported  here  is  a  detailed  study  of  the 
variation  of  the  internal  field  (and  therefore  of  the  ferro¬ 
magnetic  resonance  frequency)  with  the  replacement  of  Iron  ion 
by  aluminum  ion  in  SrO^Fe^O^.  In  addition,  the  decreasing 
internal  field  (and  therefore  t  decreasing  ferromagnetic 
resonance  frequency)  associated  with  the  substitution  of 


titanium-cobalt  in  BaO'fcFe^O^  has  been  studied  in  detail. 


The  Curie  temperatures  for  the  various  compositions 

have  been  determined.  The  variation  of  the  remanent  magnetism 
of  a  rod  of  the  material  in  question  with  temperature  served 
as  a  basis  for  the  determination  of  the  Curie  temperature.  The 
technique  waa  described  in  Report  No.  20  (Table  I).  , 

Figure  5  is  a  graphical  representation  of  the  exper¬ 
imental  rtaijlta. 


*  Lack  of  time  prevented  our  determining  the  Curie  temperature 
of  the  last  aluminum  Substituted'  material i  SrO'l.TAl^OjM.SFejOj 
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Fifl.5  CURIE  TEMPERATURES 
EXPERIMENTAL  VALUES 
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Introduction 

Highly  anisotropic  magnetic,  materials  can  be  useful  at  milli¬ 
meter  wavelengths  because  ferrimagnetie  resonance  can  be  made  to  occur  in 
such  materials  with  the  application  of  little  or  no  magnetic  field*  For 
example,  in  Ferroxdure  (B*0*$Fe203)  the  high  crystalline  anisotropy  causes 
an  apparent  magnetic  anisotropy  field  along  the  hexagonal  exit  of  17.5  kilo- 
oaratads,  resulting  in  a  resonant  fraquancy  of  about  50  kmc/sec  with  no  ex¬ 
ternally  applied  magnetic  field. By  adding  to  H#n  an  axternally 
applied  field,  H  ,  the  resonance  can  be  made  to  occur  at  higher  frequenoiea* 

*r 

However,  there  la  a  practical  limit  to  this  for  to  hava  tha  raaonant  fra- 

quency  occur  at  75  kmo/aec,  tha  raquired  value  of  H  for  this  material  la 

"P 

about  10  kilo- oersteds.  Thus,  although  this  material  it  preoticel  at  M- 
hsnd  end  even  at  F-hanrf  frequencies.  it  hug! ns  to  be  impreetieel  at  fre¬ 
quencies  greater  than  75  kmc/eac.  Therefore,  materials  with  a  value  of  H#n 
higher  than  that  of  Ferroxdure  are  desirable  for  millimeter  wave  applications 
Such  materials  have  been  obtained  by  a  partial  substitution  of  ferric  Ion 
by  elisninum  Ion  in  BeQ’dFej^*  For  instance,  in  the  series  bsO'xAlr/y 
(6-x)Pe„0„,  s  variation  of  x  from  sero  to  unity  increases  HL^  from  17.5  to 
about  28  kilo-osrsteds.  A  similar  affect  was  found  to  occur  in  the  corre¬ 
sponding  Sr  series  (SrQ*xAl203’(6-x)Fe203). 

18)  J»  Smit  and  H.  G.  Beljsra,  Philips  Res.  Repts.,  Vol.  10,  p.  113 
(1955). 

19)  M.  T.  Weiss,  Fhys.  Rev.,  Vol.  98,  p.  925  (1955). 
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Of  course,  anisotropic  materials  can  be  useful  at  all  frequencies 
where  the  applied  field  necessary  for  the  resonance  to  occur  is  greater 
than  that  easily  obtainable  with  a  permanent  magnet  (cay  7  kilo-oersteds). 
Therefore,  it  was  also  of  practical  interest  to  try  to  reduce  the  aniso¬ 
tropy  field  of  Ferroxdure  from  its  value  of  17*5  down  to  about  7  kilo* 
oersteds,  Sueh  a  continuous  variation  was  found  to  be  possible  by  varying 
x  from  sero  to  about  0,8  in  the  aeries20^  B«0*x[(TiCo)03]*(6-x)Fe203, 

MKwXmtoX  .ftafittittt  iflUmiiti 

Figure  6  le  a  block  diagram  of  the  experimental  arrangement. 

The  power  sources  were  commercially  availablii  klystrons,  used  directly  or 
used  to  drive  a  harmonic  generator*  The  corresponding  diagrnm  for  the 
former  oust  is  found  by  eliminating  the  harmonic  generator  circuit. 

The  results  of  the  microwave  measurements  are  listed  In  the  first 
two  rows  of  Table  XV,  In  this  table,  Hgn  la  the  room  temperature  aniaotropy 
field,  and  ah  is  the  room  temperature  linewidth  of  the  ferximagnatlc  resonance 
absorption  line.  Both  HBn  and  AH  were  found  from  the  measurement,  at  oonstant 
frequency,  of  microwave  power  transmission  vs  applied  do  magnetic  field,  HJp, 
The  power  transmission  shows  a  minimum  aa  a  function  of  the  applied  field. 

The  samples  were  either  E-plane  or  H-plane  slabs  in  a  waveguide 
with  their  preferred  orientation  always  parallel  to  the  rf  B  field*  the  dc 
magnetic  field  was  also  parallel  to  the  E  field  and  wae  always  sufficient  to 
keep  the  material  magnetically  saturated.  A  typical  ferrimagnetlc  resonance 
line  obtained  in  this  manner  for  an  H-plane  slab  of  barium  Ferroxdure  ia 


» 

20)  E,  W.  (Sorter,  Colloque  International  de  Magnetisms,  Grenoble,  2-6 
Juillet  1958,  pp,  296-309. 


Fig.  6  BLOCK  DIAGRAM  OF  MICRO-WAVE  MEASUREMENTS  CIRCUIT 
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Tho  value  of  the  applied  field  at  which  the  minimum  transmission 

Xfi  8  21 ) 

occurs,  H  ,  Is  related  to  the  frequency  V  by  Kittel's  formula 

ap 

for  resonance i 

*  *  +  H.p  ♦  -  N,»G  !X„  +  %  *  Cy  -  B<"  t‘) 

■her*  N  ,  N  end  N  are  the  demagnetizing  factors  of  the  sample  (considered 

"  7  * 

M  an  ellipsoid)  and  the  z  direction  it  that  of  H#p,  In  tho  derivation 
of  Bq,  (1)  it  la  assumed  that  the  size  of  the  eaotpla  is  a\uch  smaller  than 
the  wavelength*  This,  however,  is  aeldom  true  in  our  experiment!  since  we 
frequently  uee  samples  that  are  longer  than  the  wayelength  in  the  direction 
of  propagation,  to  that  a  alow  variation  of  tho  phaee  of  tho  preoaealon 
will  occur  along  the  sample*  Nevertheless,  it  eesme  clear  that  one  can  still 
•pply  Eq*  (1)  as  long  as  ths  demagnetizing  coefficient  in  ths  direction  of 
propagation  ia  «  1,  oven  if  this  coefficient  la  computed  on  the  haeie  that 
ths  sample  is  only  a  half  wavelength  long* 

The  demagnetizing  coefficient!  were  eetlmated  uelng  Oaborn'e 
formula.22^  By  meaeurlng  H**#  at  a  number  of  different  frequencies,  both 
Y  and  h  war §  obtained  from  Eq*  (!)».,  Tha  room  temperature  values  of 

■f/itr  turned  out  to  be  the  aame  for  all  tha  compounds  investigated,  namely 
Y/2ir  »  corresponding  to  g  *  T  *  1.91.  (Similar  meaeurements 

on  single  Crystals  gave  g  *  1.96.) 

21)  C.  Kittel,  Phya.  Rev.  2l»  155  (1948). 

22)  J.  A.  Osborn,  Phys.  Rev.  62,  351  (1945). 
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ITTEO  POWER  (ARBITRARY  UNIT 


Fig.  7  A  TYPICAL  RESONANCE  LINE  FOR  FERROXDURE 

AT  57  kmc /sec 


We  should  remark  here  thatK  “  was  determined  with  an  accuracy 

ap 

of  about  1%,  and  Its  value  was  found  to  be  reproducible  from  sample  to 
sample  with  about  L’nw  same  accuracy.  The  values  of  the  frequency  were 


deteriulnid  to  better  than  C,3£S.  TiisjufCijto  Lha  computed  values  of  H 

an 

(which  wart  always  larger  than  H***)  should  have  an  accuracy  of  batter 
than  1*. 


The  values  of  AH  were  obtained  by  measuring  the  line  width  at 
half  the  depth  of  the  line  on  a  "sufficiently  thin"  sample.  A  sample  was 
considered  sufficiently  thin  when  the  line  width  ehowed  no  further  reduction 
with  decreasing  sample  thickness.  Thicknesses  of  about  Q.Q01"  were  fre¬ 
quently  required  to  satisfy  this  condition.  Yet,  at  is  clear  from  Pig.  7, 
the  obtained  linewidth  cannot  be  considered  an  intrinsic  property  of  the 
material  as  it  ia  much  larger  than  that  of  a  single  crystal  of  the  tame 
composition.  Re  have  not  investigated  the  cause  of  the  broadening  of  the 
line.  However,  it  eeema  safe  to  assume  that  it  is  not  due  only  to  imperfect 
orientation  of  the  crystallites,  at  meaeuremants  of  the  remanence  in  a 
direction  perpendicular  to  the  preferred  one  show  that  differences  in 
orientation  of  different  crystallites  in  the  beat  samples  are  of  the  order 
of  5  degrees.  Such  small  misalignments  could  not  give  rise  to  the  broad 
lines  observed  in  euch  samples.  Re  might  mention  here  that  the  linewidth 
decreases  somewhat  on  prolonged  firing  of  the  samples,  which  also  resulted 
in  a  noticeable  increase  in  crystallite  size.  Ae  the  decrease  In  line 
width  was  considered  too  small  to  be  of  Interest,  no  detailed  investi¬ 
gation  was  made. 

To  illustrate  how  rapidly  the  natural  resonant  frequency  varies 


with  H  ,  and  hence  with  composition,  the  resonant  frequencies  for  the 

simple  GH8&  H  »  0  ware  computed  for  very  thin,  long  E-plane  slabs 

aP 


(i.a,  Ny  =>  Ny  =  0,  Nv  *  4»r)  from  the  experimentally  determined  values  of 

~  I 

H  and  are  listed  as  v  in  Table  IV.  For  completeness,  values  of 
an  ret 

4nM,  where  M  is  the  saturstion  magnetisation,  and  of  Tfll  the  Qurift  tem¬ 
perature,  sre  alto  listed  in  the  table.  These  quantities,  apart  from 
the  units,  are  the  some  at  those  shown  In  Fig,  A  and  Fig.  5.  Finally,  the 
table  shows  the  values  of  the  anisotropy  constant  as  computed  from  the 

experimental  microwave  value*  of  H  and  the  experimental  italic  values 

H  .  Man 

of  M,  uelng  the  formula  K  ■  ■ 

linos,  for  the  application  in  mind,  the  off-resonance  micro¬ 
wave  Insertion  losses  of  the  material  were  of  considerable  importance, 


UUU'JJU,!  vlultM  ill 

their  insertion  losses. 


the  aUivw-wwiitluiiKvi  seriwi,  wwrw  luvw*  Liya  Iwu  fwi 
Some  of  these  investigations  ware  forward  loss 


me*§ure»int«s  1,*.,  transmission  losses  of  long  thin  data  positioned  off 

center  In  a  rectangular  waveguide  at  the  position  of  minimum  absorption. 

In  this  procedure.  It  was  assumed  that  most  of  the  sample  occupied  a 
position  of  circular  polarization  opposite  in  sense  to  that  required  for 
resonance.  During  theae  measurements,  the  reveres  lose,  i.e.,  the  resonance 
loss  obtained  with  the  direction  of  microwave  propagation  reversed  in  the 
above  measurements,  was  also  measured.  This  allowed  an  approximate  check 
of  the  minimum  isolator  performance  to  be  expected  of  these  materials.  The 
compositions  thus  investigated  were  Ba0*6Feo0*  and  x  *  0,  0.2  and  0.5  In 
the  SrO’xAlgO^' (6-x)F§203  series}  the  measurements  were  made  at  M-band 
frequencies.  Although  the  slabs  in  genera),  were  quite  long  (~  2”)  and 
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of  a  nominal  thickness  (0.006"  -  0„010n),  the  forward  insertion  losses 
never  exceeded  0=5  dh. 

Another  type  of  loss  investigation  was  of  the  background  of 
th#  resonance  line,  near  anc|  far  from  resonance.  In  this  procedure ,  a 

thin  (0,0Q3"),  long  (2*)  magnetizsd  H-plane  slab  Has  centrally  iocs ted 
in  the  waveguide  and  the  transmission  (insertion)  losses  were  Measured 
with  no  applied  field  by  the  substitution  asthod.  8xO‘l.SAla03«4>,&OF»gO^ 
was  u«od  for  this  investigation*  lti  coercive  force  being  so  much  larger 
than  lte  4ttH  that  no  difficulty  was  experienced  with  the  sample  demag¬ 
netizing*  even  in  the  zero  applied  field  condition.  The  reeulte  of  theee 
neaeureaenti  ehowed  that  the  loetee  near  but  off  reaonance  (in  the  2  mm 
wavelength  region)*  as  well  as  the  loesee  far  from  rtsonsnce  (in  the 
A  mm  wavelength  region)  were  between  0.2  and  0.6  db. 

Additional  lose  investigations  wore  made  in  a  manner  aimilar 
to  that  above  (i,e.,  centrally  located  slabs,  substitution  method)  for 
various  membsrt  li>  the  (Ti  +  Co)  substituted  series  and  hence  at  lower 
frequenoiee  (35-60  kad/aeo).  Since  the  coercive  forces  of  the  members  of 
this  series  were  low  (<  4ntl) ,  insertion  lost  measurements  made  away  from 
resonance  and  with  no  nnniied  field*  almost  Invariably  resulted  In  the 
complication  of  "low-field"  losses. ^  This  complication  was  circumvented 
by  going  to  frequencies  slightly  greeter  than  Y(Hnf,  +  4tt»1)  which*  accord- 

Ing  to  8mit  and  Polder,  represents  the  maximum  frequency  at  which  a  da- 

24) 

magnetized  sample  would  show  losses  of  this  type,  '  Loss  measurements 

23)  G.  Rado,  Rev.  Mod.  Phya.  ££,  no.  1,  81  (1953). 

24)  Smlt  and  Polder,  Rev.  Mod.  Phya.  25,  no.  1,  89  (1953). 
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were  generally  made  both  below  and  above  this  frequency,  and  banco  served 
to  verify  their  expression  for  high  anisotropy  materials*  The  zero  field 
insertion  losses  measured  above  this  threshold  frequency  are  considered 
to  bi  the  losses  due  to  background  of  the  resonance  line*  end  hence  art 
taken  to  be  equal  to  the  * forward*  lasses  in  the  magnetised  stste.  The 
resulting  ineertlon  laetee  obtained  on  H-plan*  slabs  (0,000"  think  and 
>  1*0*  long)  of  the  x  *  0,25,  0,48  end  0,68  compositions  in  the 
BsO*x^(TiOo)03]t(6-x)F#203  aeries  were  £  0*4  db.  The  values  obtained  on 
the  Utter  two  compositions  were  alto  checked  by  the  reflection  method, 
which  ia  eepeeitlly  useful  for  very  lew  loss  measurements* 

In  view  of  the  moderately  low  Ineertlon  leases  ohtslned  fer  the 
various  compositions  investigated,  it  would  appear  that  then  materials 

sll-Uld  1 —6  \  T  s  f  1  8  ftl  * 


A*  §;(}»xAlaQg»  (6-K)Fgg03  »»*!§# 


The  point*  in  Pig,  0  show  the  experiments!  variation  of  41M 


with  aluminum  content  x,  where  the  values  art  those  of  Table  IV>  Thai* 


7) 


values  of  4WM  up  to  x  *  1.0  agree  well  with  those  of  Van  Uitert,  who 

also  measured  this  quantity  at  room  tsnperature.  Our  room  temperature 

valuee  of  4ffM  up  to  x  ■  1.0  are  consistently  about  30#  lower  than  the  true 

(Q°K)  saturation  values,  which  wsrt  determined  by  Bartaut,  Dssohamps  and 
9) 


Pauthenet."  The  30#  difference  between  room  temperature  and  true  satur 
atlon  values  Is,  at  least  for  x  *  0,  in  agreement  with  the  experimental 


dependence  of  4flM  upon  temperature  at  determined  by  Went,  Rathenau, 

1) 


(Sorter  and  Van  Oosterhout. 


■li  mi  i  nii-wp<wi«-wiiM'lll.fHi|i»"H''l'l||l!»)W 


M  PH-  8  SATURATION  MAGNETIZATION  AS  A  FUNCT^ 

V  I  /\f-  M  >  W..  A  »  1  _ _ _  _  _ _ 


1 


I 

I 

I 

B 

I 

I 

I 

i 

■ 

i 

I 

I 

I 

I 

i 

l 

i 

l 


Also  shown  In  Fig.  8,  as  a  dotted  line,  is  a  linear  variation 
derived  In  the  following  manner i  The  crystal  structure  of  the  series 
of  compounds  under  discussion  is  the  magnetoplumbite  structure,  the 
unit  cell  of  which  contains  two  molecules, ^  The  unit  eelJ,f  in  which 

■U 

no  aluminum  he*  been  substituted,  contains  24  F#  moments,  of  which 
16  point  in  one  direction  and  8  in  the  opposite  direction,  along  the 
o  axis,1^  After  A1  substitution,  we  have  on  the  avenge  24  -  4x 
momenta  per  unit  cell.  At  least  for  swell  values  of  x,  the  A1  axclu- 

Q) 

lively  replaces  tone  of  the  16  favorably  oriented  momertte,  '  Thus  we 
then  have  16  -  4x  moments  pointing  in  one  diraotlon  along  the  c  axle 
and  8  In  the  opposite  direction,  leaving  6  -  4x  moments  unooapenaatad. 
Hence,  M(x),  the  saturation  moment  per  unit  oell,  la  proportional  to 
a  -  4x,  i.s., 

K#  -  H*  ■  ■  ««■»> 

2) 

ignoring  the  snail  change  in  the  size  or  the  unit  ceil  with  x,  the 

3 

ratio  of  the  magnetic  moments  per  cm  le  also  given  by  this  linear 

relation,  which  li  plotted  as  the  dotted  line  in  Pig,  8.  Up  to  values  of 

x  of  about  unity,  the  agreement  with  the  experimental  points  is  fair. 

Por  larger  values  of  x  the  deviation  of  the  experimental  point*  from  the 

dotted  line  becomes  serious.  This  suggests  that  the  substitution  of  the 

AL  Ions  Is  not  completely  preferential.  It  should  be  noted  that  we  have 

used  Eq.  (3),  which  was  derived  for  the  true  saturation  magnetization,  to 

compute  the  variation  of  room  temperature  values.  It  was  surprising  to 

us  that  the  agreement  was  as  good  as  that  which  we  obtained  using  the 

9) 

true  saturation  values  of  Bertaut  et  al. 
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The  nolid  line  in  Fig,  9  shows  the  smoothed  experimental 


variation  of  Han  with  aluminum  content  x,  where  the  points  shown  are 
those  of  Table  IV,  Also  shown,  as  a  dotted  line,  is  a  theoretical  vari¬ 
ation  dsrivsd  in  the  following  manner*  The  anisotropy  field  for  magnetic 
materials  with  a  preferred  direction  of  the  magnetization  it  given  by 
the  formula 

Hin  -  f  •  Hq.  (3) 

In  the  previous  discussion,  M  and  K  were  defined  ee  the  magnetisation  end 
the  anisotropy  constant  per  or  .  Ignoring  once  again  the  smell  ohengee 
in  the  unit  cell  dimension  with  composition,  we  can  also  taka  M  to  be 
the  eum  of  the  unoompenaatbd  moments  per  unit  cell,  and  K  to  be  the  anleo- 
tropy  constant  per  unit  sell,  Re  might  remark  hare  that,  In  agreement 
with  its  previous  definition,  K  may  aiso  be  defined  by  the  relation  chat 
2KA  equal*  the  restoring  torque  on  *11  the  Boaents  per  unit  esll  when 


they  deviate  by  the  small  angle  2  from  the  c  direction, 

fince  In  the  above  expression  for  H>n  we  already  have  an  ex- 
preeslon  for  the  variation  of  M  with  x,  an  expreeeion  for  the  variation 
of  K  with  x  Will  give  u*  H_.n(x).  Re  propose  to  take  K  proportional  to 
the  total  number  of  moments  per  cell,  l>eM  proportional  to  24  -  4x.  Re 
then  obtain  for  the  ratio  of  the  anisotropy  field  in  the  compound  with  x 
moles  of  AlgO^  to  that  in  the  compound  without  Al^i 


H  (x) 

OoT 


an 


6*-3x 


Eq.  (4) 


The  dotted  line  in  Fig,  9  is  a  plot  of  this  relation,  where  H  (0)  is 


an 


taken  to  be  equal  to  the  experimental  value.  The  agreement  with  the 


Fig.  9  VARIATION  OF  THE  ANISOTROPY  FIELD  WITH 
COMPOSITION  IN  SrO  XA!203(6~x)Fe203 
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Xin  SrO  XAl  0  (6-X)  Fe  0, 


experimental  curve  is  fair  up  to  x  -  i,o.  At  larger  values  the  lack  of 
agreement  becomes  considerable,  but  thic  is  not  surprising  since  the 
axpresaion  for  M(x)  did  not  give  a  good  fit  to  the  experimental  values 
for  x  >  1.0. 

Returning  to  the  anieotropy  constant  K,  wa  rewrite  Eq.  (3) 

In  the  following  form 


K(x) 


H,n(x)  M(x) 

*  2 


Bq.  (5) 


lint*  we  have  axparimantally  determined  several  valuta  of  H  and  M 
over  the  range  of  x  from  0  to  1.7,  we  oen  compute  K(x)  at  theae  points, 
using  Bq,  (5),  Vsluoa  of  K(x)  oomputsd  In  this  manner  are  plotted  at 
the  points  In  Pig.  10.  No  ara  now  in  a  position  to  tost  our  previous 
hypothesis  for  K(x)  (which  was  independent  of  the  hypothesis  for  M(x))* 
According  to  our  hypothesis,  K  is  proportional  to  (6*x),  and  this  depend¬ 
ence  la  shown  as  the  dashed  straight  line  in  Pig.  10.  Although  several 
of  the  point!  deviate  considerably  from  the  straight  line,  this  11ns 
saama  to  represent  the  trend  of  the  variation  at  K  with  x  faitly  closely. 

In  Fig.  11  the  points  show  the  experimentally  determined  vari¬ 
ation  of  the  Curie  temperature  with  aluminum  content  x,  where  the  values 
are  thoae  of  Table  IV.  Also  ehown  In  Fig.  11,  as  a  dotted  line,  la  a 
linear  variation  baaed  on  the  following  consideration! i  If  the  material 
la  heated  to  a  temperature  above  its  Curie  point,  the  spontaneous  mag¬ 
netization  of  the  two  oppositely  oriented  groups  of  moments  will  vanish 
and  only  an  oxternal  field  can  then  magnetize  the  material.  Let  a  field 
H  (applied  along  the  c  direction)  produce  a  magnetization  per  unit  cell 
in  one  group  of  momenta  and  ^  in  the  other.  For  very  small  H,  each 


mm  wtasMu  i  wm—i  ...... .  iti  n... .■ „  ^  Jj3ll 


Xir  Sr0  XAl203  (6-x)Fe20 


Fig.  II  CURIE  TEMPERATURE  vs.  X  FOR  THE  SERIES 

SrO-  X  Al203  (6-x)Fe203 


magnetization  will  be  proportional  to  the  effer.tiva  field  that  each 
group  feels.  The  effective  field  ir\  a  given  group  is  assumed  to  be  the 
sum  of  the  applied  field  and  the  Weiss  internal  field  due  to  the  mag¬ 
netization  of  the  other  group,  which  Is  the  simplest  of  the  cases  con- 
i  05) 

sidered  by  Neel.  Furthermore,  the  magnetization*  K,  and  are 
proportional  to  C^/l  and  C^/T  respectively,  where  and  are  the 
respective  Curie  conatante  per  cell.  Thus,  above  the  Curie  temperature 
we  have i 

C. 

(H  -  N  Kj)  , 

C2 

«2  “  "f  (H  ■  N  Hj)  , 

where  N  1*  the  Nelai  content.  For  H  “  0  these  equations  have  only  the 

trivial  solution  S,  —  It,  *  Oi  If  we  now  lower  the  value  of  T  until 
these  equations  Just  hive  a  nun-zsru  solution  for  H  »  0  (the  threshold 


for  spontaneous  magnetization),  ws  will  have  rsachsd  tha  Curie  temparatur* 
Tfi«  Thus  Tc  is  found  from  the  condition  that  thera  la  a  aolutlon  of* 


V 


C,N 


*2-0, 


CJi 

t!  Mi  +  “2  *  °  • 


This  condition  Is  Tc  *  NV  C^  .  Since  the  Curie  constants  in  each  group 
are  proportional  to  the  respective  total  number  of  moments  per  cell,  then 


25)  L.  Neel,  Ann.  Phys.,  137  (1948), 

*  This  method  of  obtaining  the  Curie  temperature  is  patterned  after 
J.  H.  Van  Vleck. 
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la  proportional  to  16  •*  4x  and  is  proportional  to  8,  each  with  the 

3+ 

same  proportionality  factor  given  by  the  moment  per  Fe  .  He  then  findi 


yx) 

r^T 


,  /tl&  ■  4x)  3 

V  (l6)  8 


7 


- 


Eq,  (6) 


The  dotted  line  in  Fig.  11  shows  the  linear  dependence  of  Tfl  upon  x 
given  by  Bq,  (6).  Thie  straight  line  fita  the  experimental  polnte  eur- 
pxialngly  well* 


The  pointa  In  Fig.  12  ahow  the  experimental  variation  of  4wM 

with  (Ti  +  Go)  contant  x,  whare  tha  valuea  art  those  of  Table  IV*  Our 

value*  are  aoaewhat  higher  than  the  few  points  reported  by  Imlt  and  Hijn.10^ 

Alan  shown  in  F!a.  i?.  a*  «  doffed  ifn*.  is  »  lihesr  variation 

bated  on  the  aeaumptlon  of  a  praferantlal  aubatltutlon  of  the  Tl  and  Co 

Iona  *  similar  to  the  one  used  in  the  prevloua  case.  Me  assume  that  the 

Tl  tone  exoluelvely  replace  aome  of  the  16  favorably  orlanted  momenta 

(A-altea),  and  tha  Co  Iona  replact  excluaively  aome  of  tha  8  other  momenta 

(B-aitea).  Aa  the  Co  Iona  have  3  aplne  and  replace  Fe  lone  with  6  spine. 

2 

each  such  replacement  reduces  the  moment  on  a  given  site  by  £  of  its 
original  value.  We  thus  havs  that  the  favorable  moments  per  cell  are 
reduced  to  the  value  16  -  2xf  and  the  unfavorable  ones  to  8  ~  j  2xr 
leaving  8  -  jX  moments  uncompensated,  Hence,  M(x),  the  saturation  moment 
per  unit  cell,  is  proportional  to  8  •  |  x,  i.e. 


-  <4-4  ~ 


Eq.  (7) 


Fig.  12  SATURATION  MAGNETIZATION  AS  A  FUNCTION 
OF  COMPOSITION  FOR  THE  SERIES 
BaOX[(TiCo)03]  (6-x)Fe203  AT  20°C 
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Ignoring  the  change  in  the  size  of  the  unit  cell  with  x,  the  ratio  of 
the  magnetic  moments  per  cm^  is  also  given  by  this  linear  relation, 
which  1*  pi o fct.ttd  fit  the  dotted  line  in  Fin*.  12 *  The  egreesent  ^ith 
the  experimental  values  Is  quits  good.- 

Th*  points  In  Fig,  13  show  th*  experimental  variation  of  H#n 
with  (T1  +  Go)  content  x,  where  th*  values  are  those  of  Table  IV.  Also 
shown  it  a  dotted  curve,  obtained  by  th*  following  considerations i 
tlnoe  Hjjjj)  =■  2  R(x)/fc(x) ,  and  since  we  already  have  an  ex- 
preseion  for  M(x),  we  need  only  an  exprestion  for  K(x)  to  obtain  a  then- 

AL 

retioal  expression  for  H^) .  Ws  assume  br  before  that  each  Fe  ion 
gives  the  lams  contribution  to  K,  Re  make  the  earns  assumption  for  each 
Co  Ion,  although  ite  contribution  is  not  necessarily  the  earns  as  that 

of  the  Fs  lert.  In  fact,  ws  shall  assume  Its  contribution  to  bs  equal 
to  minus  a  times  that  uc  th*  Fe  ion,  where  th*  actual  value  of  o  will  be 
determined  later.  As  we  have  in  a  unit  call  24  -  4x  Fe  lone  and  2x  Co 
lone,  the  anisotropy  constant  K(x)  become*  proportional  to  24  -  4x  +  o(2x). 
Combining  thla  reault  with  th*  one  obtained  above  for  M(x),  we 

find 


H  (x)  1  -  -s4  (2  -  a)  x  1  -  0.833  x 

4 -  -  - 

Han'0'  1  "  20  x  1  ~  0,15  x 


Hq.  (fl) 


The  curve  in  Fig.  13  is  obtained  from  thla  relation  by  choosing  o  =»  -  8.0 
In  order  to  achieve  a  good  fit  with  the  experimental  values.  This  large 
negative  value  of  a  shows  the  strong  tendency  of  the  Co  spin  to  be 
oriented  perpendicularly  to  the  c  axis  it  displays  planar  anlso- 


Irnnvl _ 
• - r  t  *  - 


Xin  BoC  •  X  |(Ti  C  o)  0,]  -  (6- X)  Fe,0 


It  Is  seen  from  the  figure  that  tha  qurva  obtained  In  this 


i 
I 

manner  predicts  a  vanishing  anisotropy  field  for  the  composition  x  3  1.2. 

f 

£  Returning  to  the  anisotropy  constant  K  and  using  the  formula 

K  *  (l/2)  H  a,  several  values  of  the  anisotropy  constant  were  obtained 

■  an 

■  from  the  experimental  microwave  value*  of  H  and  the  experimental  static 

■  valuea  of  M.  Theaa  valuea  are  givtn  in  Table  IV  and  are  shown  a*  the 
polntl  in  Fig,  14<  Also  shown,  aa  a  dottad  Una,  i*  a  linear  variation 

1  of  K  which  la  obtained  from  our  previous  hypothesis  that  K  waa  propor¬ 

tional  to  24  -  4x  t  a(2x).  Taking  a  *  -  8  we  obtain  from  this  expression 

Ife}  -  -  1  -  I  «  •  n.  («) 

This  relation  la  plotted  aa  the  dotted  line  in  Fig.  14.  The  agreement 
19 

|  with  the  experimental  points  1*  quite  good,  and  hence  independently 

q  verifies  our  hypothesis  of  the  linear  decrease  of  K.  Room  temperature 

1  in) 

m  measurements  reported  by  Sait  end  Rijn  '  do  not  indicate  a  linear  varl- 

I  atlon  of  K  with  x.  However,  the  praeent  result!  agree  with  thelre  at 

x  ■  0  and  x  *  1.2.  Furthermore,  recent  measurement*  by  Lotgering,  Bnz 

I 

|  ana  salt,  "  wiuon  However  were  made  at  vitk,  also  show  a  linear  van- 

_  etion  of  K  with  x,  their  valuea  being  very  similar  to  ours. 

■  In  Fig.  IS  the  points  ahow  tha  experimentally  determined  varl- 

1  atlon  of  the  Curia  temperature  with  (T1  +  Co)  content  x,  where  the  values 

1  26)  Lotgering,  Enz  and  Smit,  to  be  published  in  Philips  Research 

Reports. 

fl 
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CURIE  TEItfERWURE  Tc(°K) 


Fig.  15  CURIE  TEMPERATURE  vs.  COMPOSITION  FOR 
THE  SERIES  BaO  X [(TiCo)0^j  (6-x)  Fe203 


X  in  BaO  ■  X  [(TiCa)03](6-X)  Fe  0, 
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are  those  of  Table  IV*  Also  shown  in  Fig*  lb  is  a  dotted  line  arrived 
at  by  the  following  considerations  a  In  the  previously  obtained  formula 
Tc  =  N  */cj'  ,  where  and  are  the  Curie  constants  per  cell  of  the 

tWo  groups  of  magnetic  ions.  Since  the  Curie  constant  of  a  group  of 

magnetic  ions  Is  proportional  to  tha  product  of  the  total  number  of 
ions  and  the  square  of  the  moment  per  ion,  and  again  assuming  that 
tha  Co  iona  raplace  axcluaivaly  soma  of  tha  Fa  moments  in  the  B-altea, 


Cx  “  (16  -  2x)  (l)2  ■  16  «  2x  , 

C2  "  (  .8  -  2x)  (l)2  +  2x(f)2  =  8  -  §  x  . 
In  the  same  manner  aa  before,  we  then  find 


Tc(*>  _  / 16 .  ax  .. 

T  (0)  y/  16  *  8 


»-f  x 


-  i  ^  v»i4  x  »  Hi|»  (iv) 


Th#  dotted  lino  in  Fig*  15  shows  th«  llntar  d#psndenc«  of  T  vp°n  x 
given  by  this  equation.  Although  the  fit  to  the  experimental  points  is 
net  aa  good  as  in  the  previous  case,  it  is  still  considered  satisfactory. 


Although  most  of  the  work  reported  here  was  done  on  polycrye- 
talllne  materials,  a  few  single  crystals  that  wera  available  were  Investi¬ 
gated  for  comparison.  The  compositions  of  these  single  crystals  were 


*  Actually  the  ratio  of  the  magnetic  moments  Is  not  given  bv  the  ratio 
of  the  spins  S,  but  by  the  ratio  of  the  quantities  •7s(S+l) . 

We  have  ignored  these  small  differences  In  this  approximate  theory. 


iitoiifikt 


Ba0*6Fe„0„,  Ba0*0«2Al  0  -5.8F#  0  {both  obtained  from  USASRDI.)  and 
^  J  A  O  A  J 

SrO'O^SAl^Og'S.bbFegOg  (obtained  from  the  Philipc  Research  Laboratories, 
Eindhoven ) . 

The  final  measurements  were  performed  on  thin  H-plane  slabs 
at  M-band  frequencies.  The  observed  ferrimsgnetlc  resonance  absorption 
lines  ware  very  narrow  compared  to  those  observed  In  the  polycryatalllne 
samples,  but  always  showed  some  structure,  i.e.,  the  line  actually  con¬ 
sisted  of  a  narrow  group  of  lines.  The  samples  were  made  sa  thin  as 
possible  to  eliminate  moat  of  this  structure,  but  even  it  the  smallest 
practical  thickness  of  0*001"  there  was  tome  residual  structure  left. 
Reduction  of  the  thickness  not  only  reduced  the  structure  but  also  the 
width  of  the  main  11ns  of  the  pattern.  The  minimum  width  of  the  main 
line  wee  for  each  material  about  50  oersteds.  The  average  g-value  for 
these  materials  was  found  to  be  1.04  (whereas  the  polycryatalllne 
materials  had  g  *  1.91).  The  anisotropy  fields  for  these  single  crys¬ 
tals  were  found  to  be  Identical  to  the  anisotropy  fields  for  the  corre¬ 
sponding  polycryatalllne  materials. 

vxi -  fiaiBBlii stL  Shs,  Application  pf  the  Alumina  Substituted 

Materials  in  Simple  Resonance  Isolators 

The  above  discussed  anisotropic  magnetic  materials  are  useful 
at  millimeter  wavelengths  because  ferrimagnetic  resonance  can  be  made 
to  occur  in  such  materials  with  the  application  of  little  or  no  mag¬ 
netic  field.  One  of  the  obvious  applications  Is  In  microwave  resonance 
Isolators  in  the  millimeter  wave  range  where  the  use  of  isotropic 
materials  would  necessitate  the  application  of  strong  external  magnetic 
fields. 

-  4tS  - 


A  few  simple  resonance  isolators  were  constructed  using  oriented 
materials  of  the  type  described  above.  A  discussion  of  the  performances 
of  some  of  these  isolators  follows.  Two  standard  geometries  were  used, 
an  E-plane  slab  or  an  H-plane  slab  placed  off-center  in  M-band 
waveguide.  The  elabt  ware  fabricated  so  that  the  preferred  direction 
(direction  of  Han)  was  parallel  to  the  S  direction  In  the  guide.  In 
view  of  the  favorable  demagnetization  factor  for  an  B-plane  elab,  little 
or  no  external  magnetic  field  le  necessary  to  keep  the  material  satur¬ 
ated  onee  it  la  fully  magnetized  in  Ite  preferred  direction,  figure  16 
ehowa  a  typical  performance  curve  obtained  for  an  B-plane  Isolator  with 
no  external  field.  The  material  used  wse  the  Ir  material  with  x  *  Q.S. 

The  overall  dimensions  of  the  (composite)  slab  are  0.003"  thick  x  0.030" 
high  x  O-OAffr  lengi  it  was  composed  of  four  shexter  slabs  glued  end-to- 
end  on  a  quartz  backing  atrip  0,018"  thlok  x  0,063"  high  x  1.64"  long. 

Tha  thickness  of  this  basking  atrip  waa  experimentally  adjusted  to 
position  the  magnetic  material  in  the  waveguide  for  maximum  tranamlaalon 
in  the  forward  direction  at  the  center  frequency  of  the  device.  The 
figure  ehowa  a  reverse  lots  greater  than  10  db  over  a  3  kmc/aec  band¬ 
width!  the  forward  losses  are  about  l  db  with  a  YOTR  of  1.1,  The  peak 
value  of  the  ratio  of  the  reverie  to  forward  losses  (R/F),  both  in  db, 
is  about  12.  Comparable  results  wera  obtalnad  without  the  quartz,  which 
therefore  contributed  no  uaeful  dielectric  loading  but  acted  primarily 
aa  a  apacer  and  aa  a  heat  path  to  the  elde  wall.  No  attempt  waa  made 
to  improve  the  performance  by  further  dielectric  loading. 

Figure  17  shows  a  cross  section  of  the  device  used  in  deter- 
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Fig.  16  REVERSE  AND  FORWARD  LOSS  MEASUREMENTS 
OF  AN  E-PLANE  ISOLATOR  USING 


FT  ION  MEASUREMENTS 
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mining  the  performance  of  H-plane  isolators*  The  waveguide  was  made 
by  milling  a  groove  in  a  copper  block.  The  movable  top  wall  of  the 
waveguide  hold#  the  magnetic  sample  and  facilitates  its  positioning 
for  a  maximum  transmission  in  the  forward  direction  at  the  center 

frequency  af  the  device.  After  this  poeltion  It  determined s  the  eerewe 
are  tightened  and  the  absorption  measurements  are  made  at  neighboring 
f requeue lee. 

Figure  18  ehewe  a  typieal  performance  curve  for  an  H-plane 
elab  (0.007"  thick  x  0,030"  wide  x  1.20"  long)  of  the  8r  material  with 
x  ■  0.2  with  an  applied  field  of  4100  oersteds.  Reveres  loeeea  greater 
than  11  db  are  maintained  over  a  3  kmc/sec  bandwidth.  The  forward  loeeea 
phow  a  etepwlie  Inqraoi*  toward  higher  frequencies  §  being  about  Q.B  db 
?t  the  lower  nf  t.hft  band  and  about  1,3  db  at  the  upper  end.  This 
atepwlee  inoreaee  In  th#  forward  loeiae  eaame  to  be  oheraoterietio  of 
H-plane  slabs  of  theae  materials.  In  the  raglon  whtra  tha  loaaee  are 
low,  the  highest  R/F  ratios  are  obtalnedi  the  peak  value  of  this  ratio 
le  about  30  in  the  unit  described.  Actually,  the  0,5  db  lose  at  the 
lower  end  le  almost  completely  due  to  wavaguida  loeaee. 

The  above  applied  field  was  about  tha  field  neoetaary  to 
prevent  the  eample  from  demagnetizing  as  a  result  of  the  atrong  demag¬ 
netizing  field  (~  4wM)  that  occur*  In  a  slab  magnetized  perpendicular 
to  its  plane  (H-plane  gaomotry) .  In  fact,  most  permanent  magnet 
materials  demagnetize  in  this  unfavorable  geometry.  Howaver,  it  haa 
been  found  possible  to  prepare  some  of  these  materials  with  such  high 
coercive  forces  that  they  do  not  demagnetize  under  these  conditions. 
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FREQUENCY  (kmc/») 


Fig,  !8  REVERSE  AND  FORWARD  LOSSES  OF  AN 

H-  PLANE  SLAB  OF  Sr0  0.2AI20v5.8  Fe203 

WITH  HapS  4100 


For  inatane®,  the  Sr  materials  for  x  >  0,5  show  this  unusual  property. 
This  suggested  the  possibility  of  constructing  a  resonance  Isolator 
using  an  H-piana  slab  of  these  materials  which  would  require  no  applied 
flaid.  Figure  19  shows  a  typical  result  of  such  a  s&re  field  6onfig== 

uratlon  for  the  Sr  material  with  x  *  0.5.  The  slab  is  0,008*'  thick 
x  0,020"  wide  x  1,20"  long,  A  reverie  iota  of  greater  then  16  db  la 
maintained  over  a  3  kae/aee  bandwidth,  the  forward  lose  being  no 
greater  than  1.2  db,  with  a  VSRR  of  leu  then  1,1,  The  peak  R/p  value 
la  36,  In  general,  the  performance  le  at  good  ae  that  of  the  applied 
field  configuration, 

Although  the  absorption  llnoa  of  tho  materials  under  discussion 
are  broad  (aee  Table  IV),  additional  broad-banding  night  etlll  be  deslr- 
able  for  certain  applications:  These  tallsraads  materials  offer  &  naval 
method  of  attaining  thia  end.  i,eM  by  ssablning  two  {or  K6»t}  Materials 
of  allghtly  different  A1  content  with  the  attendant  difference  In  natural 
reeonanoe  frequenoiee.  Figure  20  shows  the  reaulting  perfomanee  of  an 
Isolator  device  obmbining  the  two  8r  materials,  x  *  0  and  x  *  0*2,  in 
a  tandem  arrangement  of  two  H-plane  slabs.  Bsoh  slab  le  0,007*  thick 
x  0.020"  wide  x  0,50*  long.  The  peaks  of  the  individual  reeonancs  liftti 
(reverse  loss  curve)  are  clearly  reaolved,  with  separation  equal  to  that 
expected  for  these  material#.  A  reverie  Iocs  of  greater  than  6  db  la 
maintained  over  an  8  kmc/sec  bandwidth.  This  perfomanee  shows  promise 
for  thia  method  of  broad-banding,  The  fact  that  the  reverie  losses  are 
not  very  large  la  a  consequence  of  the  small  amounts  of  tho  materials 
(half-inch  long  slabs)  used  In  this  preliminary  design.  The  forward 


FREQUENCY  (kmc/i) 


Fig.  19  REVERSE  AND  FORWARD  LOSSES  OF  AN 
H- PLANE  SLAB  OF  Sr00.5AI203-5.5Fe20 

WITH  H—  »  0 


FREQUENCY  (kmc/t) 


REVERSE  AND  FORWARD  LOSSES  OF  TWO 
H-PLANE  SLABS  OF  SLIGHTLY  DIFFERENT 
COMPOSITION  ,  ARRANGED  IN  TANDEM. 

Hop  =  5,300 


Best  Available  Copy 


losses  are  never  greater  than  1.3  db,  and  again  show  the  stepwise 
increase  toward  the  higher  frequency  end  of  the  band.  It  should  be 
pointed  out  that  the  performances  of  the  various  isolators  described 
are  expected  to  improve  by  dielectric  loading,  to  such  loading  wet 
attempted  in  the  present  work. 
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ENGINEERING  SAMPLES 
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Letter  of  tranamlttal,  F.C, Brockman  to 
I.Bady,  June  7,  1961. 


These  were  oriented  toroids,  lnelde 
diameter  0.5"  (nominal).  Refer  to 
"Final  Report"  together  with  n8ixth 
Quarterly  Report"  herewith. 


"Meter  to  Table  I,  Final  Report,  for  cross  reference  of  these  report  numbers  and 
contract  quarterly  or  final  reports. 
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OVERALL  CONCLUSIONS 

The  overall  conclusion  from  the  above  work  is  that  in 
the  series  SrO’xAl^O^1 (6~a)Fw20^  the  anisotropy  field  can  be 
varied  from  about  19,000  to  over  50,000  oersteds  by  a  suitable 
choice  of  x  between  o  and  l.7|  similarly,  in  the  series 
Bs0*x[(TiCo)0g]*(6-x)Fe202  the  snieotropy  field  can  bs  varied 
from  about  17,500  down  to  7000  oersteds  by  a  auitable  choice  of 
x  between  0  and  0.78.  Theca  oriented  hexaferrlte  materlalo  have 
relatively  low  inaertion  losaaa  away  from  their  ferrimagnetie 
reeonance,  and  ara  therafora  potentially  useful  for  the  construc¬ 
tion  of  broadband  microwave  reionanoe  isolator*  in  tha  frequency 
range  of  25  to  150  aac/sgc*  Furthermore,  for  those  in  the  A1 
■eriee  or  competition  x  £  0.5,  it  wee  found  poeeibie  to  construct 
H-plsne  isolators  which  raquirad  no  axtarnal  field  to  keep  the 
material  magnetlred  in  this  unfavorable  geometry!  these  worked 
a*  wall  as  thoca  with  *  magnat.  The  llnewidth  of  these  oriented 
polycryetalline  materials  is  of  the  order  of  2000  oersteds, 
whereas  that  of  the  single  crystal  was  found  to  be  about  50  oer¬ 
steds.  The  g-value  of  the  polyurystalllne  version  wac  found  to 
be  1.91,  whereas  that  of  the  single  crystal  was  1.94, 

The  simple  models  proposed  to  explain  the  variation  of 
the  saturation  magnetization,  the  anisotropy  constant,  and  the 
Curie  temperature  with  composition  for  the  two  above-mentioned 
series  appear  in  general  to  be  fairly  successful. 
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abstract 


This  report  gives  in  detail  the  work  of  the  Sixth  and  last 
Quarter  of  this  Contract, 


Tables  are  given  for  the  permanent  magnet  properties  of 
oriented  sample#  made  in  this  period. 

The  Curie  temperature  of  BaO*C»7t  [(TiCo)03’]l,5,22  Fe^Og 
is  reported.  The  saturation  magnetization  of  this  material  at  room 
temperature  is  reported. 

A  discussion  of  circumferentially  oriented  toroids  of 
BaO*0»4ft  [(TiCo)03]*5.S2  tnfa  is  given. 

Oriented  polycryetelline  el she  of  Be0*0,71  [(TiCoJOg]* 
5,a2Fea03  were  invest! gated  in  X  end  V  microwave  bands  for  their 
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anisotropy  field  were  madet  the  resulting  average  value  la  6550 
oersteds.  The  obeorred  llnewldths  were  about  2000  oersteds*  The 
measured  g-valua  was  found  to  be  1.91. 
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7'gpsratlcn  arid  P-opeiLlas  of  Gx  ,l«nleu  Mating  tit:  Irtetiajfiais 


(Refer  to  the  accompanying  Final  Report  for 
details  of  the  processing  «nd  other  details.) 


1.  SLrOn  Liusn  Aluminum  Ferric 


Oxide *  Sr0°1.7Al20g<,4.3F#g0j 


In  the  Fourth  Quarterly  Prograee  Report,  the  control 
data  for  Preparation  No.  SrAlFa  11  of  thia  composition  wart  given 
for  Step  8  of  the  processing  procadura  (aaa  accompanying  Pinal 
Raport).  Tha  control  data  for  thia  praparation  at  Stapa  9  and  11 
art  givan  in  Table  Q-I. 

Tha  propartiaa  of  oriented  sample*  of  thia  praparation 
war*  givan  in  tha  Fifth  Quarterly  Progrea*  Report*  Table  I.  Soma 
additional  samples  war*  prepared  in  thia  quarter.  The  permanent 


magnet  properties  of  thee*  additional  eampiaa  era  givan  in  labia  Q»ii. 


2.  Barivna  Titanium  Cobalt  Ferric  oxide*  BaQ»o.6B[(n«)o3]o.32FegQa 

Tha  permanent  magnet  propartiaa  of  oriented  eampiaa  of 
thia  praparation  war*  givan  in  the  Third  Quarterly  Progrea*  Raport* 
Table  I.  Soma  additional  eampiaa  war*  prepared  in  thia  quarter. 

The  permanent  magnet  propartiaa  of  that*  additional  templet  ar© 
given  in  Table  Q-III. 


3.  Barium  Titanium  Cobalt  Ferric  Oxide*  Ba0,0.78[(TiCo)0_]*5.22Feo0,1 
- - - — — - _ - 2 - _2L2 

The  control  data  for  this  preparation  are  given  in 
Table  Q-IV. 

The  permanent  magnet  properties  of  oriented  samples 
prepared  are  given  In  Table  Q-V. 
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TABLE  Q-I 


CONTROL  DATA  FOR  STRONTIUM  ALUMINUM  FERRIC  OXIDE  OOKrGSZTIOri 

SrO-1.7ALg03*4.3F#j03 
(Preparation  No.  SrAlFf  U) 


Siepl* 

NOi 

Step* 

Firing 

Temp. 

°C 

Milling 

Tina 

Hour* 

Danaity 

Q/oo 

®R 

BHc 

_ 

Sr  A  IF* 

11*4R1 

9 

— 

— 

3.06 

370 

330 

1980 

llaORl 

11 

Smmi 

29-1/2 

2.94 

330 

300 

3200 

Ha  AR1 

11 

mm 

29-1/2 

2.81 

320 

290 

4330 

*  Refer  to  Fig.  2  of  the  accompanying  Final  Report 
for  identification  of  phi**  of  procuring  proocdura. 
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ily  the  perpendicular 
dly  too  low. 


'Ll  1 .1  »C  I, -It  Lilli.  B, Ml  ...Jl  ,',Ll  II  i-  iltalllr.'  HU1  t-*HV 


)  Results  on  samples  after  surface  grinding, 


4.  Curls  leaperature  of  Ba0*0.73  [(tICoJcl  1-S.22  Fe„0o 

- - - — r — _ _ _ _ _ _ _ _ -_oir _ 

The  Curia  temperature  of  this  preparation  was  determined 
by  the  method  mentioned  In  tha  accompanying  Final  Report. 

Biu»5»?o  £(TiCo)03>5,ia  Curia  tilpirlitB'S, 

ft» ,  8attg»tt«i  MimtUMttan 

Tha  saturation  magnetisation  of  1x0*0,711  [{TiCo)03>5,22 
F#203  was  maaurad  by  tha  mathod  referred  to  In  tha  accompanying 
Final  Report, 

Tha  observed  room  tamparature  saturation  xwynatixation 
of  Ba0'ft.7l  [(TiCo)03]*a»22  FtjOg  mi  4ffX  ■  3920  gausa  at  a  danilty 
of  4,93  fl/ca»3.  This  laada  to  a  saturation  par  grwa  of  <3  **  63  gauaa 
«3/f. 


6,  ciroymtarant  lany  or  l  ant  ad  Toroids  of  8x0*0,40  [(nco)oa>&,t>2  FagO^ 

U)  Ssaasi  toyaUa. saL  &MLsattga 

Malabo,  Stanford  Industrial  Park,  Palo  Alto,  Calif,  raquestad, 


of  tha  USASIDL,  tha  fabrication  of  toroldally  aha pad  asaplea  of 
^0*0,40  (7t1Co)0  >5.52  FivO  which  ehsxild  be  oriented  In  the  toroidal 
circumferential  dlraotlon,  Torolda  of  two  alsaa  wart  requirtdi 
(a)  o,D,  0.25"  I.D.  0,20"  (b)  o,D,  0,55"  l»D.  0.50"|  In  althar  else, 
tha  auggaated  height  was  l/4",  Tha  number  of  torolda  of  each  alza 


requested  was  10. 

As  described  in  tha  accoaqjanying  Final  Raport,  "Preparation 
of  Anisotropic  Samples",  orientation  of  the  fine  powder  (constituted 
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essentially  of  particles  of  single  crystals)  is  accomplished  by 
the  application  of  a  magnetic  field  having  the  direction  of  the 
c! si Is diy set J  on  of  o?iwr«f£wicn* 


Circumferential  orientation  of  a  toroid  therefore  requires 
the  estsb.liehment  of  a  circumferential  Magnetic  field.  Hie  Magnetic 
field  surrounding  a  long  straight  current-carrying  conductor  it  of 
thii  character.  Indeed,  thla  la  the  only  obvious  mesne  of  generating 
such  a  field.  The  die  in  which  powder  May  he  oriented  and  praaaed 
to  furniah  a  oireiaaferentially  oriented  toroid  would  therefore  be 
oonitructed  >o  that  an  electric  current  could  flow  down  tha  center 
arbor  of  tha  die.  Then,  in  the  annular  apace  between  the  srbor  and 
tha  cavity  ef  tha  dia,  a  olrouafirential  Magnetic  field  will  b* 

rtreneT'P'f  orj  ^  T"h p  strSP.jjth  ths  wayngf  f  r  ft  rilT't'P|f)f  ^ 

carrying  conductor  variee  invaraely  aa  the  radial  distance  from  the 
center  of  the  ronductor.  Therefore  the  field  is  stronger  et  the 
center  arbor  and  falls  off  by  this  invent  relationship  serosa  the 
annular  apace. 

It  la  informative  to  estimate  the  current  required  to 
produce  a  given  field  et  the  inner  surface  of  a  cavity  which  could 


be  used  to  prase  the  larger  of  the  two  rings.  The  inside  diameter 
of  the  cavity  {the  out a Ida  diameter  of  the  proceed  toroid)  used  to 


press  these  rings  was  Q.t4"  or  2,13  cm.*  Since  the  field  strength 

tot  waa  based  on  two  considerations.  First,  the  dimensional 
shrinkage  upon  firing,  in  the  oriented  direction,  is  roughly 
Second,  the  finished  wall  thickness  of  0,023"  (or  0.063  cm.)  is  too 
small  to  be  fabricated  directly.  Since,  in  any  event,  Meiabs  intended 
to  adjust  the  final  dimensions  by  grinding,  the  0,D,  and  1,0,  were 
chosen  co  that  finished  rings  of  shout  1.03  0.0.  end  1.23  cs  1 _ P _ 

were  produced.  This  permitted  adjustment  of  both  O.p.  end  T,D« 
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is  directly  proportional  t.o  the  current,  it  Is  convenient  to  cal¬ 
culate  the  current  per  1,000  oersteds.  At  a  radial  distance  of 
1.06  cm  (diameter  2.13  cm.)  this  current  la  5,300  amperes  per  1,000 
oeratada. 

Wijn^1^  studied  the  role  of  domain  wall*  in  Farroxdure 
and  in  this  study  ha  used,  among  othsr  aamplaa,  a  cireuaferentlally 
orlantad  toroid  of  Ba0'6  Fs^Og,  In  thia  rafaranca  it  ia  raportad 
that  tha  aamplaa  war#  praparad  by  Ir.  A.  L,  Stuyta.  In  a  priyata 
communication,  Ir.  8tuyta  haa  kindly  auppllad  ua  with  tha  datalla 
of  hia  axparimantal  taohniqua*.  Ha  mtda  toroida  of  two  alaaa.  Tha 
inaida  diamatara  of  tha  cavitiea  (tha  out a Ida  d lame tars  of  tha  proceed 
toroida)  ware  about  0.7  cm  in  tha  one  caaa  and  2.0  cm  in  tha  othar. 

For  the  0.7  cm  size,  the  orleMIdJ  FI*!.d  wa»  jM*Mue*a  bv  a  riirwct 
currant  of  2,500  amperes  flowing  through  tha  canter  arbor  of  tha  die. 
For  the  larger  toroida  (2,0  cm)  tha  orienting  flald  waa  aatabiiahed 
by  pulif  techniques.  A  9,600  microfarad  (6  Kv  rating)  bank  of 
COhdeneera  waa  charged  to  2  Kv  and  than  dlacharged  through  a  Philips 
PL  5555  Ignltron.  Tha  discharge  currant  was  oonductad  through  tha 
canter  arbor  of  the  die  to  produce  the  orienting  field.  The  discharge 
currant  was  estimated  to  be  about  7000  to  8000  amperes. 

Both  of  the  two  systems  above  represent  rather  formidable 
equipment  requirements.  At  the  time  of  the  request  for  the  special 
toroida,  our  laboratories  were  not  equipped  for  either. 

P.  J.  Wijn,  Physica  ^  555-564  (1953). 


In  awaiting  the  delivery  of  a  4,000  EMpare  D„C.  supply, 
we  carried  out  some  experiments  which  resulted  in  what  we  consider 
to  be  one  of  the  unique  discoveries  in  this  work. 

For  a  long  time,  we  have  used  a  cathode-ray  oaciiioieopic 
hyatereeograph  operating  at  60  epa*  In  our  arxangweent,  the  field 
producing  winding  ie  a  single  turn  of  copper  rod  0.4"  in  dimeter, 
about  3*  long.  The  remainder  of  the  eingle  turn  le  a  copper  sheet 
wound  around  one  leg  of  the  core  of  a  1  Kva  60  cpa  tranafomer. 

By  virtue  of  the  transformation  ratio,  it  it  quite  feasible  to  produce 
peak  currents  in  excess  of  5,0t0  amperes  with  reasonable  line  currents* 
This  arrangement  wae  fixed  to  that  the  copper  red  wee 
vertical*  A  cork,  bored  to  fit  the  rod,  wee  positioned  on  the  rod, 

A  *nori  length  of  «!«»»  wwifti  s*-  puihsd  dcr-r.  on  thl  ssyr  wh  that 
in  annular  spec*  was  left  between  the  rod  end  the  glass  tubing,  Reeled 
St  the  boitsa  by  the  cork.  Twin  this  annular  apace  wee  peered  a 
email  amount  of  a  slurry  of  a  fine  powder  of  Sr0"6  Fe^.  Portions 
of  thie  powder  had  previously  been  used  to  maka  permanent  magnet 
Bnwplen  by  the  proceea  described  in  the  accompanying  Pinal  Report* 

It  hae  been  a  generally  accepted  view  that  powders  of 
thie  nature,  when  subjected  to  an  a*o»  field,  would  be  In  a  chaotic 
*dancing*  state  due  to  the  field  revereale*  It  wae  with  acme  surprise, 
therefore,  that  we  observed  that,  upon  the  application  of  the  60  epe 
field,  the  powder  was  i*B#dlately  drawn  to  the  central  conductor 
(the  region  of  the  highest  field  strength)  and  remained  finely  attached 
to  the  rod  as  long  as  the  current  was  flowing,  A  small  single  crystal 


of  this  material  hold  near  to  the  rod  x«s  drawn  to  the  rod  and  aligned 
Itself  with  Its  hexagonal  axis  In  the  cireueferential  direction. 

In  vle»  of  these  results,  a  rough  die  eat  constructed  and 

j 

sqm  toroids  were  pressed  in  It,  orienting  the  powder  with  the  SO  ops 

alternating  field.  The  xeeulta  were  encouraging  and  a  die  wts  Made 
fex  the  dimensions  of  the  Miller  of  the  two  toroid  allot  required. 

The  10  toroids  of  the  aniHor  alio  {lj>,  0,8")  wore  delivered 
to  the  8SAMB1,  on  January  24,  1961. 

Following  this,  a  dla  wot  cons trusted  to  prees  the  larger 
toroids  (1.8.  8.6*).  Againf  the  center  arbor  served  at  the  cmducter 
for  the  49  epe  current  which  generated  the  alternating  orienting  field 

In  the  annular  apace  of  the  die,  _ _ _ 

The  higher  current  rsgulf*5f?.i*  ¥**■*  wrt  w  cmnwEtinw  tw» 
ef  the  1  Kvi  transformers  Into  tine  circuit,  in*  primrlea  of  ths»e 
t^hSf^Mra  were  connected  for  elagle  phase  V  Si  epe,  ee  that, 

•gain,  high  secondary  currents  could  he  developed  with  rfttsenshle 
line  our  rente.  With  a  line  current  of  9ft  amperes  JW,  the  current 

■I 

through  the  center  arbor  Wee  about  11,896  amperes,  peak* 

One  of  the  troubleicm  problem  in  fabricating  clrcunferenUally 
oriented  toroids  of  these  materials  le  that  the  diMnsionel  shrinkage 
upon  firing  is  anisotropic  (sse  attached  Final  Report,  '‘Preparation 
of  Anisotropic  Samplea*},  Upon  sintering,  the  distension  In  the 
direction  of  the  orianting  fitld  shrinks  store  than  the  two  distensions 
perpendicular  to  the  field  direction.  The  result  of  this  difference 
in  shrinkage  Is  that,  In  circumferentially  oriented  toroids,  the 
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Ouialdt*  ami  clrcunfarencMts  hays  diffarauL  slui uk«^a&.  nail 

oriented  toroidi  fired  to  a  high  density  show  a  decided  tendency 
to  crack  radially.  This  cracking  tendency  can  be  alleviated  by  an 
increase  in  the  forming  pressure  and  by  firing  to  a  scmmmat  lower 
density  than  the  emxisMa  sintered  density* 

The  10  toroids  of  th»  lirter  slit  (1*0.  0.0")  won  delivered 
to  the  WAMN.  an  Juno  7*  lHl. 

(*>  gnmtertln  afcjfti  telirtrt  awiinr  al  tti  twMi 

A  Twphor  of  charsoteristlas  of  sintered  oriented  me tori el e 
of  this  kind  iso  indicative  of  tho  fast  that  th*  materials  sso 
anisotropic*  Seam  of  these  arei 

1.  X-xay  diffraction  patterns  taksn  its  (a)  tho  oriSAtod 
direction  ana  (»}  perpswicuxar  to  this  direction. 

HRQHotie  properties  in  (a)  the  esistted  difietiim  sM 
(b)  jwrpmRdttdlar  to  this  dirootion, 

3*  Zf  oryst si litas  large  enough  for  visual  observation 
are  grown  in  tho  oraplm*  then  tho  hoxagonal  feoee 
of  the  basal  plane  are  visible  cm  the  surface  perpendicular 
to  the  orienting  field  whereas  only  the  basil  plane 
edges  axe  visible  on  the  other  two  surfaces. 

4.  The  enleotxoplc  discncicrtal  shrinkage* 

With  the  cooperation  of  the  X-ray  section,  ne  have  tried 


to  demonstrate  the  oriented  character  of  the  toroids  which  were 
made.  This  wthod  is  a  strong  method  rfien  (l)  the  samples  are  large 


enough  to  Interrupt  the  full  beam  of  the  X-rays  In  the  gonioKeter 
and  (2)  the  gecawtry  of  the  siwpla  Is  propitious.  Neither  condition 
1»  fulfilled  In  the  c*«e  of  the  toroids  made  hare.  This  is  especially 
truej  of  the  gecwetry.  The  pattern  obtained  frew  reflection*  off 
the  basal  plane  la  the  mat  indicative  pattern.  This  require*  that 
the  toroid  b«  cut  accurately  an  a  radlua.  We  wadi  two  euch  cute 
on  an  oriented  toroid.  The  pattern  fraa  on#  cut  ahowad  a  ratio  of 
tha  intanaitlai  of  tht  (00t)  lint  (which  ahsuld  ba  enhanced)  to  th» 
(lf7)  lint  of  lt4$  in  tho  second  tha  ratio  was  111.  Alto,  because 
of  tha  Mill  area  of  tho  taflpli*  tha  background  was  high* 

As  regard!  tha  aw  fettle  propartlta,  tha  mvnatlc  Miauraawnt 
sf  thaee  tesoida  presents  1  rail  prdblM  bteauaa  of  tha  call  arena* 
tacuonai  araaa  ane  ana  remiveiy  hith  mpu.n».  «§■***«»« t 

la  the  praforrad  direction*  hewerer,  ws  ase^Hfhad  with  fair 
iiiwr-ary  fey  min*  the  &  cps  hystszsscgraphie  technique  sent  iOWlA 
above*  A  phatotraph  af  tha  X  versa*  H  trio*  was  taban  and  tha 
intrinsic  induction,  4WM  was  Manually  plottad  e gainst  H  ism  tha 
photograph  and  the  neceaaary  disrensional  inforaatlon.  The  peak 
flald  strength  in  tha  weesurawent  was  3M6  oer/,  the  ataxiaiM  value 
of  <SK  wia  3900  gauss,  and  tha  renanence  3300  gauaa.  This  givaa 
a  value  of  tha  ratio  of  the  rmanance  to  the  peak  Intrinsic  Induction 
of  0,CT,  This  result  indicates  a  high  degree  of  orientation. 

Our  experience  has  been  that  the  titaniuw-cobalt  substituted 
Material*  cannot  be  Induced  to  grow  large  crystallites  upon  sintering. 
However,  Sr^fiFe^Og  will  grow  crystallites  which  easily  reach  a 

"  6' 


millimeter  or  -maxe  across  when  viewed  on  the  basal  plane  (i.e.t 
along  the  hexagonal  axis).  We  prepared  several  oriented  toroids 
of  9x0*6Fe203  and  obtained  crystal  growth.  These  toroids  are  easily 
broke*  and  they  usually  break  radially.  These  radial  surfaces  give 
a  convincing  demonstration  of  the  oriented  character  of  the  toroids 
for  they  show  numerous  hexagonal  plates  of  Sr0*6Fe203,  In  addition, 
the  end  surfaces  of  the  toroids  show  the  radial  distribution  of  the 
edges  of  the  crystallites. 

Such  a  denonstration  piece  of  SrO*6Fe203  was  supplied  to 
the  USASRDL  with  the  oriented  toroids  of  Ba0»0.48(TiCo)03*5.52  Fe2°3' 

The  oriented  character  of  the  toroids  was  also  demonstrated 
by  preparing  unorlented  toroids  of  BaO*0.4B(TiCo)03*5,52  Fe2Q3  and 
firing  that  along  with  oriented  toroids  of  the  same  material.  The 
OJD,  of  an  unorlented  toroid  was  1.76  cm  whereas  that  of  an  oriented 
sample  was  1,52  cm. 


iBjaaaoB. jaaate&Uk 

Feiximagretic  Resonance  in  BaO*Q.7B[(TlCo )0^]«5»22Fe20q 

An  oriented  polycrystalline  block  of  this  composition 
(designated  BaTiFe  7a7Cl)  was  received  for  microwave  investigation 
and  an  H-plane  slab  0.0C5r  thick  x  0,050*  wide  x  2,0*  long  was 
fabricated  in  the  usual  manner.  This  was  centrally  glued  to  the 
removable  broad  wall  of  a  special  section  of  K-band  waveguide,  similar 
to  the  one  previously  described  and  constructed  for  the  M  band  (sea 
-lg  2  of  the  Second  Quarterly  Progress  Report  for  Contract  No.  DA- 

„-,inb\e  CopY 
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36-039  SC-73223),  Ferrlwagnetle  resonance  wap  observed  at  various 
fraqusnelsB  between  20.8  and  2b. 7  kmc/s  in  this  K  band.  All  resonance 
lines  showed  considerable  demagnetization  losses  at  low  applied 


fields,  «t  would  bw  expected  lies  the  tsvf  cversbl s  geometry  and  lew 

coercive  foyqee  (90  oersteds).  As  a  consequence,  the  lines  were 
distorted  end  the  llmwldthe  falsified.  The  ante  ample*  wero  then 
transferred  to  the  next  higher  wave golds  band  (V  or  V  bond)  and 
resonance  was  observed  at  frequencies  between  29  and  33  kme/a,  lew 
field  loises  were  still  prssswt  (although  barely  detectable)  at  the 
lower  frequencies*  while  at  32  kme/s,  they  were  essentially  gone, 

Thit  refult  it  in  reasonable  agreement  with  low  field  lees  expectations 


for  a  demagnetised  ferrite  idiots  anisotropy  is  of  the  order  of  7099 


aeraigaav  ewd  nwnee  whwee  Waxlinsi  frequency  for  sere  field  1  Danes 


QM) 


it  fiyew  by  *f\K— ^  +  &&)  •*  3  kme/s. 

Frew  the  linear  plot  of  the  applied  field  at  reaowrnca 
against  frequency,  a  value  of  9*9  Mc/Oe  wee  obtained  for  r/2r.  This 
value  tamed  semamhat  low,  and  a  reneasurmant  of  this  quantity  on 
a  new  H-plane  slab  gave  a  valua  of  2.70,  which  ie  the  ani  usual 
value  found  in  the  past  for  theta  materials.  Since  the  above-mentioned 
lower  frequency  meaaurements  of  the  resonance  lines  showed  considerable 
demagnetization.  It  ie  believed  that  their  reeonanco  values  of  Hap 
were  falsified  by  distortion  of  the  resonance  line.  Using  the  resonance 


Q2 )  Q.  Redo,  Rev.  Mod.  Phys.  Si  no.  1,  81  (1993). 

Q3)  Ferrites,  by  J.  Smlt  and  H.  Wijn,  p.  84.  Wiley  (l959). 


data  at  the  highest  frequency  used  (end  consequently  large  values  of 
applied  field  H  ,  which  hence  Bhowed  no  distortion)  and  the  value 
of  2„67  for  T/27rt  and  the  value  of  4520  gauss  for  4x8  as  previously 
osp»xi**rtlIly  determined  (sea  Table  IV  and  Fig,  12  of  the  adjoining 
Hn*l  leperi),  the  value  H>n  ■  6,600  oersteds  wee  obtained  by  Mane 
Of  Klttil**  relation.  Data  taken  on  the  near  H- pi ant  alab  also  at 
large  value*  of  (h^bb  2  MK)  gave  easchtiilly  the  saw  result 

for  H|jjj 

An  I-plsn*  slab  0.083"  thiols  x  0,108"  high  x  0.8"  long 
ms  Investigated  next.  A  typical  resonance  absorption  line  obtained 
with  this  slab  at  31  Jme/s  is  ahem  in  Pig.  8-1,  where  the  llrewldth 
i*  mb  to  be  about  2000  oersteds.  Qaionsnee  line*  were  alio  observed _ 

WT  ftt.'h  fr ONWf PW  r?  ne  ^  isvt'l  \rm*  A>  %Jk  f  A.' 

liiwir  plot  of  frequency  against  1C”  gave  a  value  of  r/^.  *  2*47. 
in  agxeejbiiiL  with  pent  enparfawntc.  Veins  this  value  and  any  ana 
of  the  data*  points  obtained,  and  sscvulng  4*M  -  4088  gauss  as  above," 
a  value  of  HRR  *  0,880  ie  obUined  by  mans  of  Kittel's  relation. 

This  value  it  in  close  agreement  with  that  dbtclned  for  the  h  plane 
eaaef  the  average  value  H>n  *  6,050  is  than  taken  aa  our  bast  determination 
for  thie,  x  “  0,78,  competition.  To  ccm»re  thie  value  with  the  theory, 

Actually,  an  independent  value  need  not  have  been  aasuaod  for  4*8, 
since  the  data  corresponding  to  the  two  above  geometries  can  be  solved 
simultaneously  fox  both  4al  and  H  ,  using  an  expanded  form:  of  Kittal’s 
formila.  The  results  of  such  a  calculation,  using  th#  above-mentioned 
data,  yields  H  *  MOO  and  4»8  -  4000  gsuse,,  The  reasonable  agreement 
with  the  results  quoted  above  indicates  that  this  procedure  la  capable 
of  giving  fairly  accurate  values  for  both  quantities. 


AL  RESONANCE  ABSORPTION  LINE  OF  AN  E-PLANE 
SL A  B  ( 0.003"  X  0.  i  00"  X  0.80" )  OF 
Ba0  0.78r(TiCo)oJl-5.22  Fe-O, 

AT  31.0  kmc/s 


APPLIED  FIELD  (kilo- 


Ep.  (8/  In  tho  adjoining  Final  Progress  Report,  wa  calculate 
Han  for  tha  ea*p«»Hicm  X  -  0.78  and  find  It  to  be  7,250.  Hence 
the  present  experimental  result  appears  fie«ewhat  lower  than  anticipated 
fey  this  theory  {sew  Fig,  13  of  the  Pinal  Report), 
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